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The XENON program is a phased project using liquid xenon as a sensitive detector medium
in search for weakly interacting massive particles (WIMPs). These particles are the leading
candidates to explain the non-baryonic, cold dark matter in our Universe. XENON100, the
successor experiment of XENON10, has increased the target liquid xenon mass to 61 kg with
a 100 times reduction in background rate enabling a large increase in sensitivity to WIMP-
nucleon interaction cross-section. To-date, the most stringent limit on this cross-section
over a wide range of WIMP masses have been obtained with XENON100.
XENON100 is a detector responding to the scintillation of xenon and the work of this
thesis will mainly focus on the light response of the detector. Chapter 1 describes the
evidences for dark matter and some of the detection methods, roughly divided by the indirect
and the direct detection. In the section 1.2.2 for direct detection, a treatment of interaction
rate of WIMPs is introduced. Chapter 2 is a description of the XENON100 detector, some
of the main characteristics of liquid xenon, followed by the detector design. In Chapter 3,
the light response of the XENON100 time projection chamber (TPC) is explained, including
the Monte Carlo simulation work that was carried out prior to the main data taking. The
Monte Carlo provided the basic idea of understanding the detector in the early stage of
design and calibration, but the actual corrections of the light signals were determined later
with the real data. Several optical parameters are critical in explaining the light response,
such as the quantum efficiency (QE) of the photomultipliers (PMTs) used in the detector
and the reflectivity of the teflon (Polytetrafluoroethylene, PTFE) material that surrounds
the liquid xenon target volume and defines the TPC. Since the few existing measurements of
reflectivity of PTFE in liquid xenon were performed in different conditions and thus could
not be applied, the XENON collaboration put some effort in setting up a reliable and an
independent measurement for these parameters. The QE of the Hamamatsu R8520 PMTs
at liquid xenon temperature was measured at the Columbia Nevis Laboratory, as described
in Chapter 4. A similar but a revised setup was built later at the University of Mu¨nster in
Germany for measuring the reflectivity of the PTFE (Chapter 5). These measurements are
important for a deeper understanding of XENON100 and the next phase of the program
with a XENON1T as well as for other liquid xenon experiments.
Chapter 6 explains the details of the energy scale derived from the measurement of the
light signals in XENON100 and the cuts used for the analysis, which has led to the most
recent scientific results from this experiments. In 2012, the XENON100 dark matter results
from 225 live days set the most stringent limit on the spin-independent elastic WIMP-
nucleon interaction cross section for WIMP masses above 8 GeV/c2, with a minimum of 2
× 10−45 cm2 at 55 GeV/c2 and 90% confidence level. With this result XENON100 continues
to be the leading experiment in the direct search for dark matter.
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Chapter 1
Dark Matter
From the last century, various astrophysical observations have suggested that it is not only
the ordinary matters that account for the total mass-energy in the universe. In fact, baryonic
matter made up of proton, neutron, electron and other matter/anti-matter that may be
encountered or experienced in everyday life represent merely 4% of the total mass-energy.
One type of the unknown, a component called dark energy, is required to be responsible for
the accelerated expansion of the universe. Another type of the undiscovered component is
called dark matter.
Dark matter, consisting about 84% of matter and 23% of the energy density in the
universe, is very weakly interacting and is revealed only through the gravitational attraction.
The term was originally used in 1930s by Fritz Zwicky who studied the spiral galaxies and
found the evidence for missing mass [Zwicky, 1933; Zwicky, 1937]. In this chapter, we will
explore evidences and some detection techniques for dark matter.
1.1 Evidences for Dark Matter
Many cosmological and astrophysical observations provide evidence for the presence of dark
matter in our universe at different scales: in galaxies, in clusters of galaxies and in the
whole universe. The current dark matter model, supported by nucleosynthesis and the
cosmic microwave background, suggests the non-baryonic characteristic of these particles.
They also should be weakly interacting and stable so that they have a lifetime comparable
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to the age of the universe. Since dark matter forms large-scale structures, it has to be
non-relativistic as well at the time of decoupling.
1.1.1 Galactic Rotation Curves
The galactic rotation curves of spiral galaxies probably provide the most intuitive signature
for the existence of dark matter at the galactic scale [Rubin et al., 1978]. In a galaxy at











is the mass contained in r and ρ(r) is the mass density profile, assuming isotropic mass
distribution.
From the measurement of the redshift of the 21 cm hyperfine transition line of hydrogen
[Begeman et al., 1991], the orbital velocity of particles as a function of radius is estimated.
Since neutral hydrogen forms clouds that extend far beyond the galactic disk, the orbital
velocity of particles that are further away from the center than the stars can be measured.
While the equation above implies that the rotational velocity at a radius beyond the
stellar disk should be v(r) ∝ r−1/2, the rotation curve show a flat behavior even far away
from the stellar disk. Figure 1.1 shows a typical galactic rotation curve, from the spiral
galaxy NGC6503, along with a picture of NGC6503. The luminous mass and the interstellar
gas cannot fully account for the flat rotation curve, suggesting the presence of a dark halo
that follows M(r) ∝ r and ρ(r) ∝ 1
r2
at the outer edge of the visible galaxy. It is supported
by the observations that rotation curves at the outer edge of many spiral galaxies contain
a dark halo extending well beyond the visible galactic disk.
1.1.2 Galaxy Clusters and Gravitational Lensing
One of the earliest studies that predicted the presence of dark matter was from the analysis
of galaxy clusters. Zwicky [Zwicky, 1933] used the virial theorem to determine the approx-
imate total mass of the Coma cluster of galaxies. He showed that the average galaxy mass
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Figure 1.1: Visible light image of galaxy NGC6503 (image courtesy of Adam
Block/NOAO/AURA/NSF) (left). Measured rotation curve of galaxy NGC6503 (right)
from Begeman et al . (1991).
determined from the virial theorem and the galaxy velocities, measured via redshift, differs
significantly from the mass expected given the galaxy luminosities, and this suggested that
there is more matter than what is known from the stellar component. It was observed later
that these structures contain a huge amount of hot x-ray emitting plasma. The gravita-
tional potential well of the cluster heats up the plasma to high temperature, causing it to
emit bremsstrahlung x-rays. The x-ray can be observed by a sensitive x-ray satellite like the
Chandra X-ray Observatory. It will be able to estimate the mass of the plasma component
using the fact that the x-ray emission is proportional to the plasma density squared. The
total mass required to explain the distribution of clusters is more than 5 times higher than
the sum of the stellar and the baryonic components. The remaining component is thought
to be dark matter.
When light from a distant object passes by a massive object in front, the light is distorted
by the gravitational field, sometimes creating multiple images of the distant object. For the
observers, the light looks as if it passes through an optical lens. Figure 1.2 shows one of
the largest galaxy clusters serving as a gravitational lens, Abell 1689. The strength of the
lensing depends on the mass of the massive foreground object, which serves as a lens and
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Figure 1.2: An image of galaxy cluster CL0024+1654 taken by the Hubble Space Telescope
(left). A map of strong gravitational lensing from CL0024+1654 (right), showing sharp
spikes that represents the observed luminous matter. The luminous matter accounts for
only about 0.5% of the mass in the cluster. Figure taken from P. Sorenson’s thesis (2008).
creates the gravitational field, as well as the distances between the observer, the foreground
and the background objects. By analyzing the images of these objects, the mass distribution
of the lens, typically galaxy clusters, can be measured.
The study from the gravitational lensing can provide information on the mass distri-
bution at much larger scale than from a single galaxy. In particular, one of the strongest
evidences in favor of the existence of dark matter is from the gravitational lensing results on
the Bullet cluster [Clowe et al., 2006]. Figure 1.3 shows the merger of the Bullet cluster with
the cluster MACS J0025.4-1222. The hot baryon distribution (pink), shown with its x-ray
signature, is clearly separated from the mass distribution (blue), and the visible part of the
galaxy cluster population closely follows the lensing mass. This effect can be explained if
the hot gas components interact with one another while the weakly interacting dark matter
population passes through each other without much interaction.
1.1.3 Cosmic Microwave Background
Cosmic Microwave Background (CMB), the relic radiation of big bang, is another obser-
vation at a different scale. In 1964, Arno Penzias and Robert Wilson first discovered a
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Figure 1.3: Bullet Cluster. Hot x-ray producing gas (pink), optical light from stars in the
galaxies (orange and white) together with total mass concentration in the clusters (blue).
Image courtesy of NASA.
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black-body radiation that seems to come from all directions of the universe with a mean
temperature of 2.725± 0.002 K ([Penzias and Wilson, 1965]). Since then, several obser-
vations have confirmed this result. The study from the Wilkinson Microwave Anisotropy
Probe (WMAP) revealed the primordial fluctuations in temperature with high precision
with their 7-year map of the microwave sky (Figure 1.4).
Figure 1.4: WMAP CMB Anisotropy. Temperature fluctuation in the cosmic microwave
background from 7-years of WMAP data. Colors from dark blue to red corresponding to
temperature range of -200µK∼ 200µK. Image courtesy of NASA/WMAP Science Team.
The image supports the gravitational growth of structures like galaxies. The temper-
ature fluctuations can be expanded in spherical harmonics Ylm with coefficients alm. The
picture from the current measurements ([Larson et al., 2011]) is consistent with the gaussian
fluctuations with the variance of the spherical harmonic coefficients Cl =< |alm|2 > for the
temperature field. Figure 1.5 shows the WMAP angular power spectrum of the temperature
map. The power spectrum of the CMB depends on parameters such as the physical baryon
density, Σbh
2, the physical cold dark matter density, Σch
2, and the dark energy density,
Σλ. The temperature anisotropies can be measured from the map and provide constraints
on these cosmological parameters. With the high precision measurements, the abundance
of the baryons, Σbh
2 = 0.022580.000570.00056, of cold dark matter Σch
2 = 0.1109±0.0056, and of
Σλ = 0.734 ± 0.029 are determined from WMAP data.
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Figure 1.5: Temperature and polarization power spectra derived from 7-years of WMAP
data. Data points are shown together with the curve fitting the cosmological model, and
shaded regions for cosmic variance about the model.
1.1.4 Large Scale Structure
Another strong evidence for dark matter, even at a larger scale, as well as a clue towards
the nature of dark mater, comes from the structure formation. After the CMB decoupled
from matter, peaks in the density fluctuations result in the growth of structure in the early
universe. Experiments like the Sloan Digital Sky Survey (SDSS) explores the universe in
large scale, even beyond the super cluster size (Figure 1.6) [Gott et al., 2005]. Structure
formation due to baryons is suppressed until electron-proton combination occurs because
the photon pressure prevents the density perturbations from increasing. Yet, this does
not affect dark matter particles, which makes it possible to begin structure forming long
before the combination happens. Structure formation also implies that dark matter particles
should be non-relativistic. In the relativistic regime, high speed helps smoothing density
perturbations, delaying the growth of the first galaxies and increasing the physical size of
the structures.
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Figure 1.6: A map of large scale structure from the Sloan Digital Sky Survey (SDSS). Figure
taken from Gott et al (2003).
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1.2 Detection of Dark Matter
Even after being convinced that dark matter exists and constitutes main part of the total
matter in the universe, it remains an important question which particle can fit into the realm
of dark matter. Dark matter should have only very weak interactions, if any, with photons:
otherwise it would absorb the light from the distant objects like quasars. In addition, the
fact that there is no observation for similar baryon disks in galaxies implies that dark matter
has weak interactions with baryons. Furthermore, the observation of the separation of dark
matter and intracluster plasma mass distribution indicates that self-interactions of dark
matter is also small.
Two primary candidates which meet these requirements are axions [Battesti et al., 2008]
and weakly interacting massive particles (WIMPs). It may be worth noting that these
two particles were first introduced to solve problems in the Standard Model of particle
physics, not for the dark matter problem. For the following discussion, we will focus on the
WIMP hypothesis, which will be persued through this thesis. For a discussion of axions,
see [Battesti et al., 2008].
The WIMP hypothesis starts from the assertion that dark matter is a thermal relic of
the big bang [Jungman et al., 1996]. In the early universe, when T >> Mχ, a particle χ
has the same abundance as light particles in thermal equilibrium. However, as the universe
cools down and T < Mχ, the equilibrium number of particles n
eq




= − < σav > [(nχ)2 − (neqχ )2]− 3Hnχ (1.3)
where < σav > is the the annihilation cross section multiplied by thermally averaged ve-
locity. From the right hand side of Equation 1.3, it can be seen that nχ approaches n
eq
χ
with a rate following the annihilation cross section times the velocity and also that the
density decreases due to expansion. In the early universe, the annihilation goes on and
the first term is dominant, but as the universe expands and the particle density drops, the
second (expansion) term begins to override. Then the annihilation stops and the remaining
particles freeze out with a constant co-moving density. The mass density at freeze-out is
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independent of Mχ and inversely proportional to < σav >, as can be derived from the ther-
modynamics and expansion physics (Figure 1.7). The relic density will still exist to-date,
under the assumption that the particle is stable.
Figure 1.7: Densities of particles in thermal equilibrium and after freeze-out. The equi-
librium density falls as the universe cools down (solid line). The dotted lines show the
freeze-out densities for various annihilation cross-sections. Figure taken from Jungman
et al (1996).
If we assume an annihilation cross section as the weak interaction in particle physics,
< σav >= α
2(100GeV−2) ∼ 10−25cm3s−1, (1.4)
CHAPTER 1. DARK MATTER 11
the relic density becomes Ωχ ∼ 0.1, which is within an order of magnitude thought for
dark matter. Thus, a stable WIMP particle will solve the dark matter problem at a close
density predicted by the observational results. Several supersymmetric extensions of the
Standard Model suggest the existence of a stable WIMP, for example, models with R-
parity conservation that have a stable lightest supersymmetric particle (LSP), which is
often a partner to the neutral gauge bosons known as the neutralinos. Therefore, the
WIMP hypothesis seems very promising.
The next question is then, how we detect the WIMP particles.
1.2.1 Indirect Detection
One of the main concepts of the indirect detection is that WIMP annihilation (χχ¯ → qq¯)
may produce high energy neutrinos of a detectable flux. Since the local WIMP density
would be impacted by the gravitational attraction, a detectable flux would likely come from
the Sun. Then the neutrino energy is expected to be considerably higher than the energies
from solar neutrinos, and because of the direction that they come from, it will be possible to
distinguish these neutrinos from atmospheric neutrinos. These experiments for the indirect
detection use a large number of PMTs to detect Cherenkov light produced by muon tracks,
and due to the large scale of experiments, they need natural sources as detection media.
One example is IceCube at the South Pole of a cubic-kilometer scale that uses the Antarctic
ice as a Cherenkov detector [de los Heros, 2008]. It will be sensitive to cold dark matter
particles of a TeV energy scale.
Another possibility is to probe the high energy γ rays from the cumulative effect of
extragalactic WIMP annihilation. An example would be the space-based γ ray observatory
GLAST (Gamma-Ray Large Area Space Telescope), renamed as Fermi Gamma-ray Space
Telescope, that will detect γ rays up to 300 GeV [Zaharijas and Hooper, 2006]. Also,
followed by the successful detection of Cherenkov light from γ ray emission from the Crab
Nebula with the Whipple Observatory [Furniss, 2012], many next generation Cherenkov
telescopes emerged including VERITAS (Very Energetic Radiation Imaging Telescope Array
System).
WIMP self-annihilation will produce particles such as positrons, antiprotons, and an-
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tideuterons. The cosmic antiproton spectrum can give information on the light neutralino
and may provide stringent constraints on the supersymmetric configurations [Bottino and
Scopel, 2008]. Annihilation process of the lightest Kaluza-Klein particle (LKP) in the
galactic halo can produce an antiproton flux, and satellites like PAMELA (a Payload for
Antimatter Matter Exploration and Light-nuclei Astrophysics) are capable of accessing the
energy range above ∼10 GeV. Some of these indirect detection experiments have seen in-
teresting results.
1.2.2 Direct Detection
It is also predicted that a WIMP could produce a small recoil energy by elastic scattering off
an atomic nucleus. The size of the energy deposition depends on kinematics, and the rate
depends on the coupling, σχ, of a WIMP particle to normal matter. We will first review
the various factors and mathematical formulae that govern the signal and detection rate
of WIMPs in an earth-bound direct detection experiments. Then, we will summarize some
existing experimental methods with important results.
1.2.2.1 Interaction Rates
Throughout a number of experiments that are in search for the WIMP particles, there are
certain underlying theoretical interpretations of interactions. We follow the discussion of
WIMP recoil spectra shown by Lewin and Smith [Lewin and Smith, 1996] in this section.
The shape of the WIMP recoil spectrum depends on the WIMP mass Mχ, the target nucleus
mass MT , a nuclear form factor F , and the distribution of WIMP velocities about the target.






where k is a normalization constant such that
∫
dn = n0, v is the WIMP velocity with
respect to the target, vE is the velocity of the target (earth) in the rest frame of the galaxy,
and n0 is the WIMP number density
ρ0
Mχ
with ρ0 as the local dark matter density. For
vE = 0, v follows a Maxwell-Boltzmann distribution
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f(v, 0) = e
− v2
v20 (1.6)




















where it depends on the number of target nuclei per unit mass M−1T , the scattering cross
section per nucleus σT , and the WIMP flux vdn. And the total WIMP scattering rate is
obtained simply by integrating the equation above over WIMP velocities.





where θcm is the scattering angle in the center of mass frame. Then the differential recoil

























and an isotropic scattering produces a uniform distribu-
tion in cosθ. For a given WIMP velocity, a flat recoil spectrum that spans from 0 to Er,max
will be obtained. The two theta functions in the previous equation will limit the integral
to velocities present in the WIMP halo and enables to produce a recoil of energy Er. For
vE = 0 and vesc =∞, the equation reduces to














where E0 = 1/2Mχv
2
0 is the mean WIMP energy and r =
4MTMχ
(MT+Mχ)2
. When taking ρ0 =
0.4GeV/c2cm3, v0 = 230 km/s, vesc = 600 km/s, vE can be parametrized as
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vE = (244 + 15sin(2piy))km/s (1.12)
where y is approximately the time in years from March 2nd. This variation in the Earth’s
velocity is due to its movement around the Sun and introduces an annual modulation in
the rate. Before taking into account the vesc, vE , or the nuclear form factor, the basic recoil
spectrum is simply a falling exponential with mean energy Eor, maximized when Mχ = MT .
The cross section σT includes both a coherence term and a nuclear form factor. The
scattering is coherent over the entire nucleus when the momentum-transfer q =
√
2MTEr
is small so that hq is much larger than the size of the target nucleus. For spin-independent
interactions, the behavior of the cross section goes as a square of the reduced mass, such as





where Mn is the nucleon mass, σn is the scattering cross section on a single nucleon, and
MT = AMn. The condition q = 0 implies the coherent interaction. The contributions from
all nucleons to the scattering amplitude are of the same sign, giving a A2 factor in the cross
section, where A is the number of nucleons in the nucleus.
On the other hand, in case of spin-dependent interactions, nucleons with opposite spins
contribute with opposite signs, resulting in zero amplitude for a pair of nucleons. Therefore,
a factor of A2 does not come in and only nuclei with odd numbers of neutrons or protons
contribute to the spin-dependent cross section.
The reduced cross section for higher energy interactions is written as
σT (q) = σT (q = 0)F
2(q) (1.14)
where F (q) is the Fourier transform of the scatterer density of the nucleus for spin-independent
scattering. The distribution of scatterers in the nucleus is critical in the sense that the A2
coherent factor in spin-independent scattering can be negated. The analytic Helm form
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(1.23A1/3 − 0.60)2 + 7/3(pi2 · 0.522 − 5 · 0.92) fm (1.16)
The expected differential recoil spectra from WIMP-nucleon spin-independent scattering
rate of xenon, argon, and germanium is shown in Figure 1.8.
Figure 1.8: The sensitivity plot of xenon, germanium, and argon from WIMP-nucleon
scattering, for a WIMP mass mχ = 100 GeV and a WIMP-nucleon spin-independent cross
section of σχN = 1×10−45cm2.
CHAPTER 1. DARK MATTER 16
1.2.2.2 Detection Strategies
Based on the properties of WIMPs and the expected interaction rates with normal matter,
low detector threshold, low radioactive background, and a good discrimination of nuclear
recoils from electronic recoils are a few known characteristics for a detector required to
measure the scattering of WIMPs.
Figure 1.9: Some experiments for the direct detection of WIMPs classified according to
their usage of excitation channels.
It is common for detectors that are able to discriminate nuclear recoils from electronic
recoils to use two different methods of measurements. Typically, an energy deposit in a ma-
terial results in particle interactions that produce more than one of elementary excitations,
ionizations, phonons or scintillation photons. Figure 1.9 shows three excitation channels
and some experiments that are representative of WIMP direct detection from single and
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dual-channel excitations measured. In the following discussions, we will briefly visit the
techniques of cryogenic and noble liquid detectors which are most widely used for direct
detection.
1.2.2.3 Cryogenic Detectors
Detectors operating at low temperature <100 mK are called cryogenic detectors and gen-
erally use dual excitation channel to discriminate nuclear recoils from electronic recoils.
Ionization phonon detectors measure both electronic excitation and thermal energy loss by
recoiling particles, as in EDELWEISS [Sanglard et al., 2005] and CDMS [Ahmed, 2009].
The weak point in theses detectors were misidentification of the events near the surface of
the crystal as nuclear recoils. However, using the rise-time of phonon pulses to reject such
events brings up a rejection power better than 106. In Figure 1.10, the upper band is due to
electronic recoils from γ rays while the lower band is due to neutron-induced nuclear recoils.
The CRESST II experiment ([Jochum et al., 2003]) uses scintillation phonons from crys-
tals, CaWO4, at cryogenic temperatures, and measures the recoil energy with the phonon
signal together with the light yield to distinguish the recoil particles. Since the discrimi-
nation power depends on the statistical fluctuations in the number of emitted scintillation
phonons, the rejection of surface backgrounds is currently not very efficient.
Unlike dual-channel excitation detectors, single-channel excitation detectors do not have
the ability to discriminate nuclear recoils from electronic recoils. The CoGeNT, achieving
ultra-low sub-keV energy thresholds, has observed a signal that could be the scattering of
low-mass WIMPs [Aalseth, 2011], and also an annual modulation signal later on [Aalseth
et al., 2011]. It remains to be checked whether this is from an unknown background.
1.2.2.4 Liquid Noble Gas Detectors
Liquid noble gas detectors use the self-shielding technique of the target material to re-
ject background. The high stopping power from the large density material is an excellent
property for making the inner volume of the targets to be virtually free of electromagnetic
backgrounds. It is common to use dual-channel excitations, but there are also single-channel
detectors, such as XMASS [Abe and the XMASS Collaboration, 2008], that relies only on
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Figure 1.10: Ionization yield as a function of recoil energy for 252Cf neutron source calibra-
tion data showing the discrimination power of the CDMS detector. The upper band is from
electronic recoils and the lower band is from neutron-induced nuclear recoils. Figure taken
from Akerib et al (2004).
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the LXe scintillation light on the PMTS which makes it necessary to use very large tar-
get volume to achieve extremely low event rates. The DEAP [Lippincott et al., 2008] and
CLEAN [Horowitz and McKinsey, 2003] also employ large single-phase LAr and LNe targets,
respectively, to reduce the electronic recoil backgrounds.
In the XENON100 detector, the LXe target volume with the arrays of PMTs measure the
scintillation excitation, and an electric field is applied to measure the ionization signal. The
ratio of ionization to scintillation provides the discrimination between electronic and nuclear
recoils. The 3D position reconstruction makes it possible to “fiducialize” the target volume
and enables the detector to reject backgrounds on an event-by-event basis. The detailed
technique of the detector will be discussed in Chapter 2. Other LXe based dual-phase
detectors include ZEPLIN II, ZEPLIN III [Alner et al., 2007; Lebedenko et al., 2009] and the
LUX detector [McKinsey et al., 2010], currently being deployed at the Deep Underground
Science and Engineering Laboratory (DUSEL) at the Homestake mine in South Dakota.
Dual-phase LAr ionization scintillation detectors use pulse shape discrimination (PSD)
technique as an additional discrimination tool toward electronic and nuclear recoils. How-
ever, these detectors are suffering from large background due to 39Ar that emits β and is
present in atmospheric Ar. WArP [Benetti et al., 2008] has set a competitive WIMP-nucleon
scattering cross section limit. ArDM [Laffranchi and Rubbia, 2007] and DarkSide [Akimov,
2012] are the two additional experiments that fall into this category of detectors.
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Chapter 2
XENON100 Detector
At present, several liquid xenon (LXe) detectors of a scale of 10 - 100 kg have been built and
operated for dark matter searches, and the construction of larger ones are in process. Among
liquid noble gas detectors, the ones using LXe have shown powerful performance superior
to that of liquid argon (LAr). The predominance of LXe detectors can be explained by
several advantages of the medium: higher WIMP-nucleus interaction cross section compared
to other media, where the spin-independent cross section involves a factor of the atomic
number squared A2, absence of long-lived radioisotopes in natural Xe, presence of odd-
neutron isotopes with non-zero nuclear spin which makes the detector also sensitive to a
spin-dependent interactions. In addition, high Z and density allow for a compact medium
that enables self-shielding of the detector. The properties of LXe will be discussed in more
details in Section 2.1.
The XENON100 detector is for the direct detection of the Weakly Interacting Massive
Particles (WIMPs) scattering off Xe nuclei. About 161 kg of LXe target volume surrounded
by its cryostat is underground at the Laboratori Nationali del Gran Sasso (LNGS) in Italy.
As a successor of XENON10, XENON100 is the second generation of XENON program,
which aims to improve its sensitivity by reducing the background in the target volume
and increasing its target mass by a factor of 10. The following discussion focuses on the
properties of LXe as a detector medium (Section 2.1) as well as the detector principles and
design (Section 2.2) of XENON100.
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2.1 Liquid Xenon Detector
One of the nice properties of LXe is that it is possible to measure signals both from scintilla-
tion and ionization. Under particle irradiation, the energy is transferred via ionization and
excitation. The excitation process is illustrated below, showing that a Xe atom returning
to the ground state by emitting the scintillation light.
Xe∗ +Xe→ Xe∗2 (2.1)
Xe∗2 → 2Xe+ hν (2.2)
After a recoiling particle in LXe creates excited Xe atoms or free excitons, Xe∗, these
form excited molecular states called excimers, Xe∗2, by colliding with neighboring Xe atoms.
If there is no electric field, the ionization component recombines and emits the UV photons
through a process that an excimer state decaying back to the ground state, along with the
excitation component. In presence of an electric field, some ionization components do not
recombine and can independently be collected later.
The recombination of electron-ion pair, Xe+ + e−, from the ionization process can
also produce excitation states, followed by scintillation photons. Ionized atoms can form
excimers as the following:
Xe+ +Xe→ Xe+2 (2.3)
Xe+2 + e
− → Xe∗∗ +Xe (2.4)
Xe∗∗ → Xe∗ + heat (2.5)
Xe∗ +Xe→ Xe∗2 (2.6)
Then the excimers decay to the ground state and produce a scintillation light, which
can be shown as
Xe∗2 → 2Xe+ hν (2.7)
The Xe scintillation light has two components with different decay time constants, 2.2
ns and 27 ns, which correspond to the decay of the singlet and triplet states of the excimer
Xe∗2. Throughout this section, the advantages of using LXe as detector medium and the
process of creating scintillation and ionization signals are described.
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2.1.1 Characteristic of Liquid Xenon as Detector Medium
One of the advantages of using Xe as a dark matter detector medium is that it has no
long lived radioactive isotopes. A smaller portion of radioactive components include 127Xe
produced by the neutron activation of 126Xe, with a natural abundance of 0.09%, and has
the longest half life of τ = 36 days. Its β decay produces Qβ = 662 keV, accompanied by
a γ with an energy of Eγ > 145 keV.
The purification is relatively easy in LXe detectors. Xe is the heaviest non-radioactive
element of the noble gases, which is present ∼0.1 ppm in the atmosphere of the Earth.
From the liquefaction of air and its separation into oxygen and nitrogen, both Kr and Xe
can be extracted from the liquid oxygen mixture by fractional distillation. Then Xe has to
be extracted from the mixture of Kr/Xe. 85Kr is frequently mentioned as the radioactive
components in Xe and is typically present at 5-10 ppb level in the best commercial available
Xe. With a half-life of 10.77 years, 85Kr is a naked beta emitter, meaning that 99.6% of
decays have no associated gamma, decaying to the stable 85Rb. One ppb of Kr contamina-
tion corresponds to ∼0.05 events/keV/kg/day. Kr can be removed by distillation, allowing
an internal environment to be radioactive free.
Also, of nine stable naturally produced Xe isotopes, there are two that have non-zero
nuclear spins, 129Xe and 131Xe, thus both the measurements of spin dependent and spin
independent interactions are possible (See Table 2.1 for a list of Xe isotopes).
Another advantage of Xe target is its self-shielding property. Because of its high den-
sity of ∼2.94 g cm−3 and high Z of 54, the gamma stopping power is exceptionally high,
preventing low energy gammas from penetrating deep into the target. The ability to reject
backgrounds by fiducialization, only accepting events within a certain inner volume, is a
huge plus of using LXe as the target material.
Furthermore, a LXe detector is easy to set up in terms of cryogenics, operating at T
∼ 177 K. This temperature can be maintained by a cooling system using a pulse tube
refrigerator (PTR) like in the XENON detectors, and even a simple ethanol and liquid
nitrogen (LN2) bath can be used for small volume detectors. In addition, a reasonable cost
of the material and the higher cross section of WIMP elastic scatterings than the ones for
other material such as Ge or Ar at low recoil energies contribute to having a large detector
CHAPTER 2. XENON100 DETECTOR 23
Table 2.1: Naturally produced nine Xe isotopes and their abundances. The ones that have
non-zero nuclear spins, 129Xe and 131Xe, enable the measurements of both spin-independent
and spin-dependent interactions.










with high sensitivity down to a WIMP mass around 10 GeV/c2.
The Xe scintillation light can directly be detected by PMTs with bialkali photocathodes
and synthetic silica windows, which are transparent to 178 nm light and can be operated
inside LXe. The fact that no wavelength shifting is necessary, as is the case for argon
scintillation detectors, is a big advantage in terms of the loss of light. Also, photocathodes
have been developed to be highly sensitive to UV light, with a relatively high quantum
efficiency (QE), the probability of collecting a photoelectron emitted by an incident photon,
of greater than 30%.
It is also important that Xe atoms do not absorb their own scintillation light since the
photons originate from the decay of the excimer state. In the case of XENON100, the
primary scintillation light (S1) is detected by the top and bottom arrays of photomultiplier
tubes (PMTs) of the target volume. When an electric field is applied in the field shaping
rings around the LXe target, some ionization electrons do not recombine and can be de-
tected independently from the S1 signal. These electrons are drifted and accelerated with
an electric field along the LXe and extracted on the gas surface, producing a secondary
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proportional scintillation light (S2). The ionization electrons and scintillation photons pro-
vide dual and complementary information on particle energy and identification with high
ionization and scintillation yields. Some of the discussed properties of Xe are summarized
in Table 2.2.
Table 2.2: The summarized physical properties of Xe and the properties of LXe related to
particle detection.
Property Value
Atomic Number (Z) 54
Atomic Weight (A) 131.29
Boiling Point @ 1 atm (Tb) 165.0 K
Melting Point @ 1 atm (Tm) 161.4 K
Liquid Density @ Boiling Point (ρL) 1.94 g · cm−3
Refractive Index n 1.56
Energy / scintillation photon (Wph) 13.8 eV
a
Energy / ionization electron (W) 15.6 eVb
Xe2* singlet lifetime (τ) 2.2 ns
c
Xe2* triplet lifetime (τ) 27 ns
c
a Doke et al (2002).
b Takahashi et al (1975).
c Kubota et al (1978).
2.1.2 Particle Energy Transfer
Before going directly into the mechanism of scintillation and ionization, one of the rele-
vant aspects to discuss is how the particle energy is transferred in the liquid. The energy
of a particle transferred to the medium (E0) is expressed by three channels - ionization,
excitation, and heat, as the following:
E0 = NiEi +NexEex +Ni (2.8)
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where Ei and Eex are the mean energies to ionize or excite an atom, Ni and Nex are the
mean numbers of ionized and excited atoms, respectively, and  is the mean kinetic energy of
sub-excitation electrons immediately after the last collision that results in either excitation
or ionization. The value of  has been estimated to be 4.65 eV for LXe [W.F. Schmidt,
2005]. Below such energy, free electrons contribute only in elastic collisions with atoms and
increase the temperature of the medium.
For the related case in gas, the energy can be referred to the atomic ionization potential













And since the liquefied noble gases such as Ar, Kr and Xe show a band structure of electronic













where the band gap is found to be about 9.2 eV for LXe [Asaf and Steinberger, 1974].
Often the efficiency of the conversion of absorbed energies into measurable signals is
expressed by the average energy to produce a scintillation photon, Wph, and the average
energy required to produce an electron-ion pair, the W -value Wi. The Wph is defined by
the energy deposited by a particle in the liquid, E0, divided by the number of emitted
photons (Wph = E0/Nph). The number of scintillation photons emitted from a particle
track depends on the the strength of the electric field. Wph is defined for zero field, which
is the maximum value.
The number of emitted photons are written as Nph = Nex +Ni, under the assumption
that all excited atoms give one VUV photon and all initially created electron-ion pairs
recombine and also give one photon. Applying Wi = E0/Ni, the relationship between the





where Wph is calculated to be 13.8 eV for LXe [Doke and Masuda, 1999b] with the exper-
imental Nex/Ni ratio of 0.13. There are a few different values for this ratio, but with a
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general agreement within '10% [Braem et al., 1992; Horn et al., 2011].















The charge recombination along the particle track is critical in determining the response
to radiation. Hence, the measurable signals from ionization and scintillation largely depend
on the applied electric field. In the absence of electric field in medium track density, virtu-
ally all electron-hole pairs created recombine and yield recombination luminescence, with
the primary scintillation component being at its maximum. For low track density, some
electrons escape recombination even at zero field. On the other hand, in case of a high den-
sity track, the scintillation signal is suppressed due to a frequent collision between excitons
(Xe∗). This is so called bi-excitonic quenching [Hitachi et al., 1992] and can be shown as
Xe∗ +Xe∗ → Xe∗∗2 → Xe+Xe+ + e− (2.13)
where two excitons collide to produce an electron-ion pair. The electron may recombine and
produce a scintillation photon later. Usually two excitons produce one scintillation photon
each but in this case two excitons end up producing only one scintillation photon. A few
processes of quenching mechanisms, including the bi-excitonic quenching, is shown in the
next section (2.1.3).
2.1.3 Primary Scintillation
The mechanism of emission of scintillation signal is shown earlier (See Section 2.1). The first
case is the excitation of Xe atoms by electron impact with subsequent formation of diatomic
molecules in the excited state (excimers). The alternative case involves recombination of
the ionization electrons with positive ions. The final stage of these sequences are the same
and thus, wavelengths and decay times are also the same. The scintillation in LXe is in the
vacuum ultraviolet (VUV) with a wavelength of 178 nm, corresponding to 7 eV of energy
photons.
For relativistic electrons, recombination has a time constant of 45 ns [Doke and Ma-
suda, 1999a], which is rather slow compared to the de-excitation of excimers. The excimer
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can initially form a singlet or a triplet spin configuration where the singlet states decay
with a time constant of τS ' 2.2 ns, and the triplet states decay with a time constant of
τT ' 27 ns [S Kubota and Raun, 1978]. At zero electric field, the scintillation light pro-
duced from recombination process is much bigger than that from direct excitation (∼71%,
[S Kubota and Raun, 1978]). When an external electric field is applied and recombina-
tion is suppressed, the slow and fast decay components from direct excitation become more
prominent.
The quenching of the scintillation signal comes from a few processes. The quenching
from an external electric field is due to a reduction of elections that recombine. This effect
depends both on the type of recoiling particle and the energy deposit, where the energy
dependence is very weak for nuclear recoils ([Manzur et al., 2010]). At low ionization density
tracks, a reduced scintillation yield appears due to escape electrons. On the other hand, at
high density tracks, the bi-excitonic quenching, as seen in the previous section, can occur.
Another case is the nuclear quenching that reduces the scintillation yield of nuclear recoils
via energy lost to atomic motion.
The scintillation yield depends on the linear energy transfer (LET) in LXe, as shown in
Figure 2.1. It stays at a maximum over an extended region, in the range between ∼ 102 and
∼ 103 MeV/(g·cm2). This ‘flat-top’ response in the region of intermediate LET values, for
relativistic heavy ions (solid circles), comes from the situation when both excited and ionized
species created by a particle yield photons. The reduction of the recombination component
of the scintillation occurs in the lower LET region. The distance between the positive ions in
the particle track increases, which makes the probability for an electron to escape from the
track (“escape electrons”) higher even at zero field. This is the case of ∼1 MeV relativistic
electrons (solid square) and electronic recoils from γ-rays (open squares). At high LET
values, the scintillation yield decreases again firstly because of bi-excitonic quenching (also
referred to as electronic quenching). In case of α-particles, the compact track core, which
has an order of magnitude higher concentration of excited species than for relativistic ions
with similar LET, leads to an efficient electronic quenching.
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Figure 2.1: LET dependence of the scintillation yield in LXe for various ionizing particles.
Relativistic electrons (solid square) and electronic recoils from γ-rays (open squares) have
reduced scintillation yield due to escape electrons. Relativistic heavy ions (solid circles)
at intermediate LET region show a scintillation yield independent of LET. The value is
reduced again for high LET of α particle, as a result of bi-excitonic quenching. Figure
taken from Doke et al (2002).
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2.1.4 Light Propagation
Even after the generation of the scintillation light, not all signals are propagated through the
liquid until its final detection. Absorption of light in the liquid, mostly due to impurities,
leads to loss of scintillation signals. It is very unlikely for a scintillation light to be self-
absorbed in LXe as described earlier. However, as shown in Figure 2.2, 1 ppm of H2O in
LXe absorbs most scintillation light in less than 10 cm. Oxygen also contributes to the light
absorption in LXe by a factor of ∼10 lower than water.
Figure 2.2: VUV absorption coefficients for 1 ppm of water vapor and 1 ppm of oxygen in
LXe. Figure taken from Baldini et al (2005).
The LXe purity demanded by ionization signal is more stringent than that by scintil-
lation signal, as will be discussed in the next section. Still, the loss of scintillation light
becomes increasingly important as detector sizes grow.
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2.1.5 Ionization Signal
When an external electric field, Ed, is applied in the detector, the electrons created by
the ionized particles are drifted across LXe volume. For these ionization electrons to be
extracted from liquid phase to the gas phase and be detected, the charge carrier has to
escape recombination and their mobility in the electric field must be high. As can be seen
in Figure 2.3, the electron drift velocity at the drift field of Ed = 0.53 kV/cm, used in
XENON100, is ∼1.8 mm/µs.
Figure 2.3: Electron drift velocity as a function of electric field in liquid and solid Xe. Figure
taken from Miller et al (1968).
The electronic band structure of LXe has a band gap between the valence band and the
conduction band, and LXe is a good insulator because of its large gap energy of 9.2 eV.
The average energy required to produce an electron-ion pair is 15.6 eV, making LXe the
liquid noble gas with the largest ionization yield. For the ionization signals to be detected,
electrons need to be drifted across the LXe volume without being recombined or attached
to impurities.
The electric field dependence of the scintillation and ionization yield in LXe provides
strong evidence for recombination luminescence. Furthermore, for tracks in higher ionization
density, like those of α particles or nuclear recoils, electrons can more easily recombine even
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Figure 2.4: The electric field dependence of relative ionization and scintillation yields for
α particles, electronic recoils, and nuclear recoils in LXe. Figure taken from Aprile et al
(2006).
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at the presence of strong electric field compared to electronic recoil tracks that have lower
ionization density. Therefore, it is possible to distinguish between the electronic and nuclear
recoils in LXe. Figure 2.4 shows the measurement of the relative ionization and scintillation
yields as a function of applied electric field. As can be seen, there is an anti-correlation
between ionization and scintillation such that a smaller amount of ionization is accompanied
by a larger scintillation [Conti et al., 2003]. This effect results in improving the energy
resolution from using only one of either channels [Aprile et al., 2006].
Since the dielectric constant of LXe is larger than that of gaseous Xe (GXe), electrons
in the liquid side near the interface tend to have repulsive potential. Thus, a sufficiently
high electric field has to be applied to increase the kinetic energy of the electrons, which
can then overcome the potential barrier. In this way, the ionization electrons in the dual
phase detector can be extracted in the gas phase.
2.1.6 Xe Purity and Stability
The purity of LXe has a big impact on the lifetime of the ionization electrons, τe. The
electro-negative impurities such as O2, in particular, attaches to the ionization electrons
and reduces the number of electrons that reach the gas gap to create the proportional
scintillation. Assuming a uniform distribution of impurities, the number of electrons that





where Ne(z) is the number of electrons survived and N0,e is the initial number of electrons.
It is common that the commercial Xe, extracted from liquified air or by fractional
distillation, contains some impurities. With the continuous purification through the getter
in the XENON100 detector, the electron lifetime in LXe could be improved well enough
to obtain a sufficient number of electrons for producing S2 signals. The change of electron
lifetime is monitored continuously, and especially during the run10 data taking, between
March 2011 and May 2012, the average electron lifetime was about 530 µs. Considering that
the electron velocity is about 1.8 mm/µs, the LXe provides enough purity for the electrons
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Figure 2.5: The evolution of the electron lifetime monitored during the run10 dark matter
search, between March 2011 and May 2012.
to travel through the length of the detector. Figure 2.5 shows the evolution of electron
lifetime during the run, starting from ∼350 µs and increasing up to ∼680 µs. There were
three interruptions during this time frame due to the equipment maintenance, whose effects
were corrected, and later on, data with reduced lifetime were rejected. XENON100 is the
first LXe detector that operated continuously and stably for such a long time period.
Besides the drift field Ed, another electric field across the liquid-gas interface serves as the
extraction field, Ee, at the top of the liquid. The drifted electrons are extracted, accelerated
into the gas phase, and produce the secondary scintillation with electroluminesence. In
gaseous Xe (GXe), drifting electrons can obtain enough energy between collisions with Xe
atoms that cause the excitations of the atoms and produce scintillation light in a high
electric field applied. In XENON100, the total gap between the two electrodes, the lower
mesh and the anode, is 5 mm. The number of scintillation photons produced by a single
electron is empirically expressed as
nph = 70 · (Ee/p− 1.0) · d · p (2.15)
where p is the gas pressure in atm [Bolozdynya, 1999] and d is the gas gap. The operating
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vapor pressure is about 2.3 bar, and electrons travel from the liquid-gas interface to the
anode for about 2.5 mm. Considering the extraction field of 12 kV/cm and a gas gap of
2.5 mm, one can estimate that one electron roughly produces ∼170 scintillation photons.
The width of an S2 pulse depends on the size of the gas gap where the electroluminesence
is generated, and on how the particle interacts in the Xe target. A cloud of ionization
electrons diffuses as it drifts across the LXe, and the S2 pulse width increases on the way
due to diffusion. The amount of diffusion depends on the depth of interaction. But other
processes such as the generation of the electroluminesence photons and the non-uniformity
of Ee as approaching near the mesh electrode also contribute significantly to the S2 width.
Thus, the broadening of the S2 pulse width by diffusion itself does not provide an effective
determination of the z coordinate of interaction at the current state.
2.2 Detector Principle and Design
2.2.1 Signal Detection Principle
When WIMPs elastically scatter off Xe nuclei, it results in a very low energy nuclear recoils
of a few keV range, corresponding to a few electrons. The ionization signal produced is
too small to be read out directly. The energy of nuclear recoils due to galactic WIMPs has
approximately exponential behavior. It depends on the WIMP mass, which is unknown,
and atomic number of the target, but most recoil energies are well below 100 keV, making
it critical to have a low detector threshold. In this energy range, the initial velocity of the
nuclear recoils is comparable to that of the atomic electrons. Thus, the recoiling atom con-
serves most of its electrons and moves through the liquid as a positive ion with low effective
charge. The ion moves continuously and exchanges electrons with other atoms where its
average charge in Xe is ∼0.1e at 1 keV and ∼1e at 100 keV. Since the detector medium
consists of the same atoms, it is possible for the primary recoil to transfer a significant
portion of its kinetic energy in each collision, producing a cascade of secondary recoils.
A typical way of collecting small ionization signals is to use a dual phase Time Projection
Chamber (TPC). Neutrons with energies of a few MeV range can produce low energy nuclear
recoils, passing through the detector, while γ-rays and electrons produce electron recoils.
CHAPTER 2. XENON100 DETECTOR 35
Since their dE/dx is different, the energy deposition of nuclear recoils and electronic recoils
yields different probability of recombining electron-ion pairs, and thus results in different
ratio of the yield of scintillation light and ionization charge. The ratio of the primary (S1)
and secondary (S2) scintillation signals can be used to distinguish the electronic backgrounds
from nuclear recoil signals, making it possible to reject the electronic background. With its
discrimination technique, XENON100 was able to reach an ER rejection efficiency better
than 99% at about 50% NR acceptance.
The time delay between the prompt (S1) and proportional (S2) signals gives the position
information in z-axis, in addition to allowing the two signals to be distinguished and detected
independently. The x and y positions in the plane are given by obtaining and analyzing
PMT hit patterns, correlating with that of the original interaction. This results in the
reconstruction of x and y coordinates of an interaction. The 3D position reconstruction
enables to localize and reject events at the edge of the detector, providing another mean to
reduce external gamma and neutron backgrounds.
LXe has a high stopping power because of its high density, allowing a significant re-
duction of γ background. The XENON100 detector is surrounded by a LXe layer from all
sides, as an active veto. PMTs in the copper structure on top and bottom of the TPC can
detect signals in the veto volume and thus, removing the events with interactions in veto.
Since the scattering cross section of a WIMP interaction is very scarce, the probability that
a multiple scatter occurs in the detector is negligible.
2.2.2 Detector and Shield Design
The XENON100 detector is a dual phase TPC, enclosed in a double-wall vacuum insulated
cryostat. The cryostat is made up of low activity stainless steel of type 1.4571/316Ti (316Ti
SS) and has a cylindrical shape with a flange on top. The thickness of the vacuum insulation
is 2.5 cm. Total mass of LXe is about 161 kg and about 62 kg of target is surrounded by
a structure defined with polytetrafluoroethylene (PTFE, teflon) reflector and copper field
shaping rings. The PTFE panels are interlocking one another for the optical separation of
the target volume from outside. They consist of 24 6.4 mm thick panels held by two copper
rings on top and bottom. Copper field shaping rings hold the PTFE panels together while
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Figure 2.6: Illustration of the operation principle of the double-phase XENON100 detector.
When a WIMP particle collides with a Xe nuclei in the target volume, a scintillation signal
followed by an ionization signal is created and detected by the top and bottom PMT array.
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helping to get a uniform drift field in the target.
The target volume is monitored with PMTs on top and bottom array, top 98 PMTs in
circular pattern, exposed in the gas phase above the LXe, and the bottom 80 high QE PMTs
closely positioned for optical S1 light collection, as shown in Figure 2.7. Outside the teflon
structure is filled with the rest of LXe, also viewed with additional 64 PMTs. The veto PMTs
are positioned in copper structures near top and bottom arrays of the PMTs, in alternating
directions to be able to effectively detect signals from the region. These 242 PMTs are
the low radio-activity Hamamatsu R8520 PMTs, the same type used in XENON10. Some
of them have higher QEs than the older ones and are specifically designed to operate at
cryogenic temperatures with optimal sensitivity at the Xe scintillation light.
Figure 2.7: The top (left) and bottom (right) arrays of the XENON100 PMTs.
The electric field of the TPC is generated by applying potential differences between the
electrodes, consisting two on the bottom of the TPC above the bottom PMT array and a
stack of three electrodes near liquid-gas interface. An anode mesh, 5 mm above the bottom
mesh, and another top grounded mesh, 5 mm above the anode, are positioned with a PTFE
holding structure. These are made of stainless steel transparent meshes welded onto 316Ti
SS rings. A negative voltage is applied to a cathode and a screening mesh below the liquid
surface is at ground to maintain a field of ∼500 V/cm inside the TPC to separate and drift
the charge signal. The anode is also built with a transparent screening mesh 2.5 mm above
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Figure 2.8: The XENON100 detector in a clean room (left) and the technical drawing
(right).
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the liquid surface. It is kept at 4.4 kV (in case of run10) to extract and collect the electrons
that induce proportional scintillation. The field shaping rings inside the teflon reflector are
double layers and help maintaining a uniform field at the side of the TPC.
A stainless steel diving bell is at the top of the TPC to ensure the liquid level kept at a
fixed and precise height. An overpressure can be applied to the gas, which makes it possible
to fill LXe at the top part of veto but not in the gas part. The liquid level can be adjusted
by changing the recirculation rate and by adjusting the height of the gas outlet from the
bell by a motion feedthrough.
A passive shield is installed around the TPC to reduce the impact of the external
background (Figure 2.9). From outside to inside, it consists of tanks filled with water
(thickness 20 cm) to shield against ambient neutrons, surrounding three sides and top of
the shield. Inside the water shield, there are two layers of lead: a 15 cm outer layer and
a 5 cm of ancient lead inner layer that has a low contamination of the radioactive isotope
210Pb. Then there are 20 cm of polyethylene to be able to shield against further neutron
backgrounds inside the lead. The innermost shield layer is of 5 cm copper plates (0.5 cm
on the bottom) to reduce the gamma background from the outer shield layers. The shield
cavity is purged with high purity boil-off nitrogen at a rate of ∼17 standard liters per minute
(slpm) to avoid radon penetrating from outside. The Rn concentration is monitored with
a commercial Rn monitor placed outside the shield and yields low values below 1 Bq/m3.
A straight tube penetrates the shield door and is connected to a circular copper tube that
goes around the detector for inserting calibration sources. A lead brick is installed at a
fixed azimuthal angle to attenuate high energy gammas from a 241AmBe source during the
neutron calibration.
In addition to the passive shield, XENON100 can achieve low background by placing
relatively high radioactive components outside the shield, for example, signal and high volt-
age feedthroughs, vacuum pumps, pressure sensors and electronics. Installing the cryogenic
system with a pulse tube refrigerator (PTR) outside the passive shield, so called the re-
mote cooling, is another nice feature that helps reducing the background reaching the xenon
target.
For different detector components, steel plates with various thicknesses and different
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Figure 2.9: XENON100 detector and passive shield. A copper tube around the detector is
to place calibration sources inside the shield. A lead brick shown on the side of the detector
is to suppress the gamma radiation from the 241AmBe neutron source when it is there.
radioactive contaminations have been used. The total weight of the cryostat vessel is 70.0
kg, only about 30% of the cryostat of the XENON100 detector. The cryostat is supported
by 316Ti SS bars inside the shield, which are mounted onto the movable shield door.
2.2.3 Cryogenic System
The cryostat extends outside the passive shield and connects to the cooling tower. The
cryogenic system of the XENON100 is based on Iwatani PC150 pulse tube refrigerator
(PTR) powered by a Leybold Coolpak 6000 6.5 kW water-cooled helium compressor. The
measured cooling power is 200 W at 170 K, which allows the liquefaction of the xenon gas
during the filling at a rate of ∼3 kg/hour. The temperature of the cold finger is maintained
by resistive heaters of 23 Ω, which are glued to a copper piece between the PTR cold head
and the cold finger. Then the temperatures of the coldhead and the cold finger are measured
with Pt100 thermometers connected to a PID controller. In front of the detector shield,
the PTR is mounted with a motor valve and a buffer tank, and the cold head is placed on
top of a cylindrical copper block. LXe droplets condensed on the cold finger are collected
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through a funnel and flow from the cooling tower to the main cryostat via an inclined pipe.
An emergency cooling system from a pressurized external dewar is connected to the
cooling tower. The LN2 flow is controlled by an actuated valve and is triggered in case the
detector pressure increases above a set point. It was tested that the LN2 consumption at
an emergency, with the PTR turned off and Xe recirculation stopped, was to be able to
operate the system for almost two days.
2.2.4 Electronics and Data Acquisition
The diagram of the XENON100 data acquisition (DAQ) and trigger is shown in Figure 2.10.
The signals detected by 242 individual PMTs are amplified by a factor 10 Phillips PS776
amplifiers, and are digitized with CAEN V1724 flash ADCs with 100 MHz sampling rate,
14 bit resolution, and 40 MHz bandwidth.
At low trigger rates, the CAEN FADC allows an operation with a deadtime-less mode
so that multiple events can be stored before being read into the VME bus. A zero length
encoding algorithm is used to reduce the data size by suppressing signals below a certain
threshold, which corresponds to 1/3 of a photoelectron (PE). The threshold is first defined
by the size of the noise pulses on a given channel, and for 98% of the PMTs is set to 30 ADC
counts, ∼4 mV. This results in the noise suppression while single photoelectron signals are
still recorded with high efficiency. The time window for the waveforms of PMTs is 400 µs,
which is bigger than the electron drift time for the whole TPC depth, 176 µs at the drift
field of 0.53 kV/cm. This allows the detection of at least one S1 and one S2 for each event,
even when it is created at the farthest corner of the detector.
An example of a S1 and a S2 waveform for a low energy event is shown in Figure 2.11.
The primary scintillation signal (S1) occurs at about 50 µs in the time window. An ion-
ization is then created by the same interaction and is drifted across the active Xe volume
by the drift field Ed, extracted into the gas phase by the extraction field Ee, producing the
proportional signal (S2). The time difference of about 150 µs between the S1 and S2 gives
the z position information, which corresponds to ∼27 cm below the liquid surface.
For low energy events, the zero-length encoding reduces the event size by a factor of
ten. Even though the data reduction is not as big for higher energies, this algorithm helps
CHAPTER 2. XENON100 DETECTOR 42
Figure 2.10: A diagram of the XENON100 data acquisition (DAQ) system and trigger.
Figure taken from Aprile et al (2011).
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Figure 2.11: An example S1 and S2 waveform from XENON100 for a low energy event. The
S1 and S2 signals are shown within the time window of 400 µs and provide the z position
information by the distance between the two. The zoomed views of S1 (left) and S2 (right)
are shown at the bottom.
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working with much higher calibration rates, with the maximum rate of high energy gamma
sources to be ∼30 Hz. Higher rates than this would not be recommended also because of a
possible accidental coincidence.
For most of the data taking, the hardware trigger is set by S2 signals since it provides
significantly lower energy threshold. The analog signal of the 80 PMTs, the inner 64 top
array and the 16 channels in the bottom array, is summed in linear FAN-ins to be used as
the S2 trigger. The trigger threshold is slightly higher than the noise, with the efficiency of
∼95% at 150 PE. For the S1 trigger, the majority signal of the ADCs is used. The threshold
of each channel is set to 0.5 PE for the ADC that outputs 125 mV for a signal above this
threshold. Since the time coincidence of the majority signal is relatively short, 10 ns, the
threshold in this configuration is higher. A trigger hold-off of 500 µs is set with a NIM gate
generator and disables the next event following immediately after the first one.
The high energy (HE) veto is implemented to block the high energy signals from the
data set, which is irrelevant to the energy region of interest for dark matter search. This is
especially useful for calibration data with many high energy events in reducing their data
size. The HE veto is used for all low-energy calibrations such as the electronic recoil band
and nuclear recoil band calibrations.
While the data processing, a program specifically written for XENON100 data analysis,
called xerawdp, is used to convert the raw data into physical parameters. The xerawdp
converts data from the pre-processed waveforms, searches for peak candidates, and computes
the reduced quantities associated with each of them. In the preprocessing stage, the baseline
of each ZLE block of each waveform for an event is computed on 46 samples in the pre-
processing state, and the waveforms are converted from ADC counts to volts. Then the
waveforms collected from all channels in the target volume are added to the total waveform,
which is used to determine the S1 and S2 peak candidates. The waveforms from the veto
channels are separately collected and summed to search for S1 peak candidates.
The peak finding procedure can be summarized in two steps: xerawdp searches for
S2-like peaks in the entire waveform and looks for S1-like peaks in between all S2 peak
candidates. This is under an assumption that the S1 signal is expected to precede any
S2 signal if the two signals come from the same energy deposit. Additionally, this allows a
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selection of S1 peak candidates that do not belong to the ones, for example, PMT afterpulses
and single electron S2 signals. As a second step, a digital filter is applied to the entire
waveform for the S2 peak finding algorithm to smooth out the high frequency components.
The measurements and data storage are performed with the XENON Data Acquisition
software program (DAX). For each data set, an ASCII log file that contains information
about the data, e.g. file name, timing, and settings, is generated and saved as xed files
under the name of each data set. The settings for the data taking is stored in xml-files.
The data is stored in the XENON Data Input Output (XDIO) file format with a header
ordered in time.
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Chapter 3
Light Response of the XENON100
TPC
Current experiments using both scintillation and ionization channels of LXe require a high
purity level that allows a large drift time for free electrons and a high light collection effi-
ciency at the same time. Usually introducing light detecting devices such as photomultipliers
results in sacrificing the LXe purity, but the XENON100 detector was able to achieve both
requirements by using carefully screened ultra-low radioactivity materials. With the help
of 3D position reconstruction, both S1 light response and S2 behavior are well understood
in XENON100. The detector response to S1 and S2 signals and how they are corrected
from data, as well as the Monte Carlo simulation for the light response, are presented in
this chapter.
3.1 The Simulated Light Collection Map
Monte Carlo simulation for the XENON100 detector geometry, developed with the geant4
package, was used to calculate the position dependent light collection efficiency (LCE) for
the prompt scintillation signal (S1). In the simulation, α particles were released with random
position distributed in all LXe, and an initial average of 1000 photons were produced by
each event. The detector geometry was implemented in details to reflect the cryostat and
the optical surfaces that affect the light collection. Mainly the effect of three major optical
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parameters, the PTFE reflectivity, the LXe absorption length, and the Rayleigh scattering
length, on the LCE will be discussed in the following section. Small change in other optical
properties, such as index of refraction, has minimal effect on the LCE. It is worth noting
that since the index of refraction of LXe is bigger than that of GXe, most scintillation
photons emitted below the liquid level undergoes total internal reflection at the liquid-gas
interface. (Refer to Table 2.2 for properties of LXe that are relevant for particle detection.)
3.1.1 S1 Light Collection
The LCE of the primary scintillation light (S1) is critical in a sense that it is one of the
limiting factors in determining the low energy threshold. The S2 light collection should
also be considered but has much less impact on overall performance since the proportional
scintillation provides an enough amplification.
The scintillation light is basically transparent in Xe, as in other noble liquids, since
the absorption band of the free exciton is at a higher energy than the scintillation light
energy [Schwentner and Jortner, 1980]. Thus, the scintillation photons can penetrate into
the medium and be detected. Impurities such as water, however, can significantly affect the
absorption of scintillation photons, and oxygen can also contribute with about a factor ten
lower absorption cross section, as discussed in Section 2.1.4.
The effect of absorption is modeled with an attenuation coefficient of the scintillation
light. The attenuation length of photons in LXe is given by,
I(r) = Io × e−r/λatt (3.1)
where I is the photon beam intensity, r is the length that a photon moved, and the atten-










where λabs is the LXe absorption length, and λR is the Rayleigh scattering length.
The Rayleigh scattering length, measured to be in the range of 30 cm [Ishida et al.,
1997], becomes especially important in collecting the scintillation light for large detectors.
The LXe absorption length has been reported to be ∼1 m. Due to the limited XENON100
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detector size, 30 cm of height and diameter, the LXe absorption length is virtually the
same as λabs → ∞. These two values are provided by several measurements with different
methods.
Because of the elastic characteristic of the Rayleigh scattering, having a good scintilla-
tion reflector such helps an efficient collection of the photons generated in an event. If the
reflectivity of the optical surfaces is high enough, the photons are eventually reflected back
and reach the PMTs. It has been measured, from other experiments, that the reflectivity of
PTFE for the wavelength of the Xe scintillation light has given values from 60% [Barabanov
and Pshukov, 1987] up to 95% [Yamashita et al., 2004]. However, a recent measurement
[Silva et al., 2009] from the LXe scintillation wavelength and for different types of PTFE
shows lower values, from 47% to 66%. An independent study of the PTFE reflectivity is
discussed in Chapter 5.
Figure 3.1: S1 LCE depending on the LXe absorption length and the PTFE reflectivity.
The upper points are for inside the fiducial volume and the lower points are for the active
veto volume.
Based on these three optical parameters, Figure 3.1 illustrates the effect of PTFE reflec-
tivity and the LXe absorption length in the S1 light collection. Each point is the average
value for inside the fiducial volume (points in the upper S1 LCE region) and also for inside
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the active veto (points in the lower S1 LCE region). It can be inferred from the figure
that the LCE using 70% of PTFE reflectivity is about 60% of the value using 95% PTFE
reflectivity. The effect of the LXe absorption length is not as dramatic, increasing about
20% when applying from 1.5 m to 5 m and flattening beyond that value. Here, the low
reflectivity due to the grooves for the copper field shaping rings and the copper wires are
not taken into account. The grooves are expected to lower the reflectivity for about 10%
considering the area that they cover.
Figure 3.2: S1 light yield for 137Cs source (662 keV) depending on the LXe absorption
length. It reflects the change of S1 LCE as a function of the LXe absorption length and
takes into account the QE and CE of the PMTs.
We can further estimate the S1 light yield of different energy sources, using each energy
in interest, based on the LCE map. From a given energy E, the gamma ray photo-absorbed
in LXe, the number of photoelectrons Npe is calculated as
Npe = E/Wph · LCE ·QE · CE (3.3)
where QE is the quantum efficiency value for each PMT provided by Hamamatsu, measured
at room temperature. CE is the collection efficiency of each PMT and is normally around
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70%. However, it is set in this simulation as 100% to take into account the possible increase
in LXe at low temperature. The temperature dependence of QE values for the type of
PMTs used in XENON100 is discussed in Chapter 4. The same Equation 3.3 can be used
to estimate the value of Wph if Npe is measured precisely.
The LXe absorption length dependence of the S1 light yield for a 662 keV 137Cs gamma
calibration source is shown in Figure 3.2. Basically, this presents how the LCE changes
with respect to different LXe absorption lengths as all the other factors in the Equation 3.3
remain constant. Note that the values shown are from assuming zero electric field. Applying
non-zero external field will reduce the light collection as previously discussed.
3.2 Light Correction from Data
Even though the simulated light response can provide a simplified picture of the detector
response, it is hard to reflect each and every property of detector materials. Therefore, it is
preferable to directly derive information from data. With help of 3D position reconstruction
of each event and with the energy deposition of each interaction, it is possible to construct
the light response map based on data. For the analysis of XENON100, the S1 and S2 maps
from real data were used to correct for both signals.
3.2.1 S1 Light Correction
For a given energy deposition, the amount of light that is measured by the detector depends
on the position of the interaction in the TPC, and thereby, a spatial map of light collection
efficiency to correct the data is necessary. Since the light collection depends on the properties
of the detector itself and not on the amount of scintillation light produced, the S1 light
correction can be obtained from various calibration sources with different energies. Three
sources that are used to get the correction are an external 137Cs source at various azimuthal
angles, the 40 keV γ rays produced from the inelastic scattering on 129Xe during the neutron
calibration with 241AmBe, and the 164 keV and 236 keV γ rays produced from the decays
of metastable 131mXe and 129mXe, also during the neutron calibration.
Figure 3.3 shows the light yield map obtained from the 164 keV line of the activated
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Figure 3.3: An example of the spatial dependence of light yield inside the target volume from
the 164 keV line of the activated Xe. The signal from the background data is subtracted
so that any contribution from other energy sources such as 19F from the PTFE structure is
removed.
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Xe, and as seen in the previous section, the light yield directly shows a trend of the light
collection. The activated Xe line has an advantage of being distributed uniformly inside
the detector volume (See Figure 3.9). The signal from the background data is subtracted
so that any contribution from other energy sources such as 19F from the PTFE structure
is removed. In each segmented position, the total amount of light collected by all PMTs is
shown in 2D of r2 and drift time, dt. Each segment in the figure is drawn to contain the
same amount of LXe. Assuming a cylindrical symmetry from this figure, the LCE is better
in the lower central region, which is close to the bottom PMT array, and becomes worse as
it reaches the side or top of the detector.
Figure 3.4: Deviation of the light yield between 662 keV of 137Cs and 164 keV of 131mXe
analysis. The mean relative deviation between the two is about 3.1%.
After constructing similar light yield maps from the other two sources, the accuracy of
the position correction from the three light yield maps was verified. The corrections inferred
from these independent calibrations vary by about ∼3%. The deviation of the light yield
values from 662 keV of 137Cs and 164 keV is shown in Figure 3.4.
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As previously mentioned, the advantage of the γ rays from the 129mXe and 131mXe
metastable states is that they have a homogeneously distributed interactions within the
volume. However, the intensity of the 164 keV and 236 keV lines is not strong enough com-
pared to the γ background from detector materials in the TPC. (Note that the background
was subtracted for the light yield map of Figure 3.3.) Thus, the 40 keV γ rays produced
by inelastic neutron scatterings on 129Xe is better in that it has a longer mean free path
and a higher event rate at the center of the TPC. For the final XENON100 scientific result,
the correction inferred from the 40 keV γ rays during the 241AmBe neutron calibration is
used. Especially for the recent run10 data, the S1 light yield is 3D corrected in cylindrical
coordinates to take into account some asymmetrical components such as for the region very
close to the PMTs.
3.2.2 S2 Light Correction
The S2 spatial dependence comes from the light collection and the charge loss near the
PTFE surface. From looking at the X-Y map, the light collection of S2 mostly varies at the
edge of the TPC. The deviation between S2 light correction maps from the same calibration
sources used for the S1 correction, namely the 40 keV, 164 keV, and 662 keV γ rays, has
been observed to be < 3%. The XY dependence of S2 is shown in Figure 3.5 for S2Top and
S2Bottom, separately. Since the S2 signal is produced very close to the top PMT array, the
light map for the top PMTs is more severely affected by the non-working PMTs. On the
contrary, it can be seen that the S2 is distributed almost uniformly on the bottom PMT
array. This observation has led to using only the S2 signal from the bottom for the dark
matter analysis.
In all these light corrections, the ability to accurately determine the position of each
interaction is critical. To study the uncertainties in position reconstruction algorithms,
the activated Xe data is used. Because of the big background contributions in large r
and near top and bottom of the detector, background is subtracted from the data for the
selected 164 keV events from 131mXe. Figure 3.6 shows the reconstructed position from three
different position reconstruction methods: the support vector machine (SVM), the neural
network (NN), and the χ2 algorithms. The y-axis is the rate of events in each (corrected) r2
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Figure 3.5: Spatial correction maps for S2 from the top (left) and bottom (right) PMT
arrays, measured with a 137Cs source. This data is taken with a lowered 2.2 kV anode
voltage to prevent the PMT saturation.
bin where “corrected” implies that the events have been corrected for the S1 and S2 spatial
dependence discussed in this section. r2 is shown instead of r to contain equal amount of
LXe in each bin. The structure of the PMT array can be seen roughly from the position
where the event rates go up and down. The difference in event rates between the three
position reconstruction algorithms is < 10%. But the resolution of the NN algorithm is
better, supporting the selection of this algorithm for the final dark matter analysis.
The drift time dependence of S2 is corrected as well with the 137Cs data. During the
WIMP search, a regular calibration with a 137Cs source was performed. The exponential
behavior of the S2 signal as a function of drift time can be described as e−td/τe where td
is the time for an electron to be drifted to the liquid-gas interface and τe is the electron
lifetime. A linear fit to the electron lifetime evolution is applied for the z correction of
the S2 signal with a small systematic uncertainty of < 2.5%. The maximum size of the
correction from this is 15%.
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Figure 3.6: Variations from different position reconstruction methods for the 164 keV line.
The y-axis is the rate of events in each (corrected) r2 bin.
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Figure 3.7: An example of the 164 keV and 236 keV lines from the metastable state 131mXe
and 129mXe, respectively, using the combined energy scale.
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3.3 Activated Xenon
The neutron calibration with a 241AmBe source plays an important role in defining the
nuclear recoil band in log10(S2b/S1) space, as will be discussed in Section 6.2. What is
also useful is the gamma lines yielding from inelastic neutron scatterings, the de-excitation
Xe or fluorine isomers in the PTFE, and the activation by neutron capture: 40 keV from
129Xe, 80 keV from 131Xe, 100 keV from 19F, 164 keV from 131mXe, 197 keV from 19F, and
236 keV from 129mXe.
The activated Xe lines of 164 keV and 236 keV are of special interest in that they decay
away in a time frame of a month. This allows enough time to monitor the energy peaks while
not contaminating any regular data after a month. It is a good opportunity for getting an
additional gamma calibration in this energy range as well. Figure 3.7 shows the spectrum
in combined energy scale (CES) of the 164 keV and 236 keV activated Xe lines from 131mXe
and 129mXe, respectively. The CES, resulting in better energy resolution, will be discussed
in 6.1.2.
Based on the two gaussians fitted to the peaks, the evolution of the activated Xe lines
can be studied. The half-lives of these two lines are verified in several measurements to be
8.9 days and 11.8 days, respectively, within uncertainties [Ni et al., 2007]. Figure 3.8 shows
the evolution of the activated Xe lines from the 241AmBe calibration in XENON100. The
rate estimated by the number of events for a certain σ around the two energy peaks was
monitored from the beginning of the 241AmBe neutron calibration until the energy peaks
were dominated by the background and no longer visible. The estimated half-lives from the
exponential fit show < 10% discrepancies from the known values.
The uniform distribution of the activated Xe line inside the detector volume is illustrated
in Figure 3.9. The detector is divided into cells that contain equal amount of LXe, and the
number of 164 keV events after subtracting the background shows a smooth distribution
inside the volume. A slight increase in the top layer may be because of the 19F contribution
from the PTFE used in the PMT holder.
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Figure 3.8: The decay of the activated Xe after the exposure to the 241AmBe source.
Exponential functions are used to fit the data points. The half-lives from the fits are found
to be 9.6 days and 12.6 days for 131mXe and 129mXe lines, respectively.
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Figure 3.9: The number density of events in each cell when background is subtracted. It
shows that the events are uniformly distributed inside the target volume.




with Hamamatsu R8520 PMTs
Vacuum ultraviolet light sensitive photomultiplier tubes (PMTs) directly coupled to LXe are
being used to efficiently detect the 178 nm scintillation light in a variety of LXe based particle
detectors. Good knowledge of the performance of these PMTs under cryogenic conditions
is needed to properly characterize these detectors. Here, we report on measurements of
the quantum efficiency (QE) of Hamamatsu R8520 PMTs, the same type but a slightly
modified version of the ones used in XENON100.
4.1 Introduction
LXe detectors are at present one of the most promising technologies in the field of rare event
searches, from dark matter direct detection to neutrinoless double beta decay [Aprile and
Doke, 2010; Danilov et al., 2000; Ackerman et al., 2011; Abe et al., 2009]. These media are
very efficient scintillators and have a very low electronegativity, allowing the simultaneous
detection of the light and charge deposited by interactions [Angle, 2008; Aprile, 2011a;
Akimov et al., 2012]. The use of PMTs to detect the light is a common approach due to
their ability to work in cryogenic conditions and the single photoelectron sensitivity. As
presented in Section 2, XENON100 searches for dark matter signals through the detection
of nuclear recoils from WIMPs scattering off Xe nuclei. As it was explained in Section 2.2.2,
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the detector uses 242 Hamamatsu R8520-06-Al [Hamamatsu, 2010] PMTs (in what follows
R8520).
Different types of photocathodes in PMTs have been manufactured historically to in-
crease the sensitivity. The bialkali photocathodes are commonly used because of their high
sensitivity and low dark current down to the ultraviolet region [Hamamatsu Photonics,
2006]. The scintillation light from LXe is directly detectable for some PMTs with bialkali
photocathodes equipped with fused silica windows, which are transparent to this wave-
lengths. Moreover, reliable performance of PMTs at low temperature is needed for the
cryogenic detectors. The compact metal-channel R8520 PMTs were specifically designed
to work at 177 K, close to LXe temperature, and at a pressure up to 5 atm. They have
a quartz window and a bialkali photocathode, for high sensitivity and low dark current in
the UV regime [Hamamatsu Photonics, 2006]. Recently, a new version of the same PMT
(R8520-406) with improved sensitivity at 178 nm, the scintillation wavelength of LXe, was
produced by Hamamatsu and procured for an upgrade of the XENON100 experiment.
4.1.1 Quantum Efficiency
QE is one of the most important properties that characterize a PMT. The QE is defined
as the ratio between the number of photoelectrons emitted from the photocathode and the
number of incident photons. The energy absorbed from the incident photons is transferred
to the valence band of the photocathode. Photon absorption by an electron occurs in the
bulk of the material, and the excited electrons traverse the semiconductor before being
emitted in the vacuum, suffering collisions with the lattice electrons that will result in
energy losses. This results in a probabilistic nature of the photoemission process, since
some of the electrons absorbing a photon will lose their energy before reaching the vacuum
and will not be emitted as photoelectrons [Hamamatsu Photonics, 2006].
A quantity related to the QE is the radiant sensitivity (Sk), used to express the spec-
tral characteristics and especially the relationship between the photocathode response and
the incident light wavelength. The radiant sensitivity is defined as the photoelectric cur-
rent generated by the photocathode, IK, divided by the incident radiant flux at a given
wavelength, LP (Eq. 4.1),






The relationship between the QE and the Sk is given by [Hamamatsu Photonics, 2006]
QE =
h · c
λ · e · Sk =
1240
λ
· Sk · 100 [%] (4.2)
where h is Planck’s constant, c is the velocity of light in vacuum, λ is the wavelength of the
incident light in nm, e is the electron charge, and Sk is the radiant sensitivity in A/W.
The radiant sensitivity is often provided by the manufacturer for each type of PMTs,
but they are, in general, values averaged over many units. Furthermore, it is customary
to provide, instead of the QE, the value of the blue sensitivity index (or sometimes called
cathode blue sensitivity), Skb, which is the photoelectric current generated from the photo-
cathode with a blue filter interposed in the same setup. In addition, it is common for these
properties to be measured only at room temperature. Hence, a quantitative study of the
QE as a function of the temperature is necessary for an improved understanding of LXe
experiments.
4.1.2 Photoemission and Photomultipliers
Before going into the measurement of the QE, it will be useful to briefly discuss the basics
of photoemission from a PMT such as the physics of photoemission, dark current, and
the effect of the cathode resistivity. All these topics aim at further understanding the
photocathode and its temperature dependence for the practical use of PMTs.
Although photoemission has been found to be a volume effect for most materials of which
sufficiently detailed studies have been made, it is worth mentioning that some photoemission
can be a surface effect. It is considered to be a surface effect if the optical absorption which
produces photoemission is a characteristic of the surface and a volume effect if the optical
absorption is a fundamental characteristic of the bulk itself. Usually, surface states can
absorb about 10% or less of the incident light [Spicer and Wooten, 1963]. This suggests
that for efficient photoemitters whose QE is greater than 10%, photoemission must be a
bulk process. All further discussion in this chapter will be limited to the photoemission as
a bulk effect.
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The process of photoemission can be explained in several distinct steps: the photo-
excitation of an electron, passing through the crystal in a random fashion, losing some
energy with each collision that it experiences, and then arriving at the surface with enough
energy to escape the potential barrier. Only when the excited electrons have sufficient
energy, it can create a second electron-hole pair. Therefore, the primary electron should
lose an energy greater than or at least equal to the band gap energy.
Dark current, indicated by the current that occurs even when the PMT is completely
shielded from any external light source, is also a limiting factor in low-level scintillation
counting where only a few photoelectrons are emitted by an event. The most obvious
source of dark current is thermionic emission. Thermionic emission can, however, be elim-
inated by a large amount by cooling the cathode. Other possible sources of dark current
include scintillation produced in the glass envelope by radioactive elements in the PMT,
electroluminescence in the glass, field emission from sharp edges and scintillations due to
residual gases. The primary source of dark current remains largely unknown despite much
effort made on this problem. As it has been studied that dark currents of several typical
PMTs decrease at low temperature [Spicer and Wooten, 1963], cooling down the system is
expected to reduce the noise on this account and minimize the effect on the PMT signal at
low temperature. The dark current is subtracted from the photocurrent for each data point
of the following sections.
It is also seen that the photoemission from good photoemitters increases as the temper-
ature drops, in the spectral region away from threshold, because of a decrease in energy loss
from lattice scattering [Spicer and Wooten, 1963]. However, for PMTs with no conducting
substrate, the cathode resistance may increase when the temperature falls. This may result
in a large voltage gradient in the photocathode, causing poor collection efficiency at the
first dynode. These effects should be taken into account when measuring the temperature
dependence of photoemission.
The following discussions include experimental setup (4.2), procedure (4.3), and re-
sults (4.4) of the QE measurement, with the same type of PMTs used in the XENON100
detector. This measurement is very important in a sense that the QE at low temperature
has never been measured with this type of PMT and also because the result is directly
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linked to the input for the detector Monte Carlo simulation of the light response.
4.2 Experimental Setup
The actual view at the Columbia Nevis Laboratory and a schematic of the setup are shown in
Figure 4.1 and Figure 4.2, respectively. It consists of a deuterium lamp and two independent
vacuum chambers. The first chamber contains a monochromator used to select a single
wavelength from the spectrum of the deuterium lamp. The second chamber hosts the PMT
being tested.
Figure 4.1: The experimental setup at Columbia Nevis Laboratory.
A deuterium lamp (McPherson, Model 632) emits light between 115 nm and 400 nm and
is particularly useful for measurements in the vacuum ultraviolet (VUV) and deep UV. The
output spectrum between (see Figure 4.3) 380 nm and 165 nm is continuous [McPher-
son, 2002]. Below 165 nm, molecular lines predominate. The light emitted from the
lamp is transmitted by a MgF2 window and passes through an entrance slit into a vac-
uum monochromator (McPherson, Model 218) where a narrow wavelength range from the
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Figure 4.2: A schematic view of the setup. LN2 cold trap (cryopump) and the turbo pump
system were installed to reduce the water level at different temperatures and pressures inside
the vacuum chamber.
lamp is selected. The monochromator is composed of a snap-in diffraction grating that is
optimized for wavelengths between 150 nm and 300 nm and can be remotely adjusted with
a step motor control unit, and two Al+MgF2 coated mirrors, which have a reflectivity of
∼75% at 178 nm [McPherson, 2002].
After the monochromator, the light with the selected wavelength propagates through
an exit slit to the next vacuum chamber. The size of both the entrance and the exit slits
can be adjusted from 10 µm to 2 mm in order to modify the flux of the beam and the
reciprocal linear dispersion. For this work, the size of both slits was set to 2 mm. The
MgF2 window that separates the monochromator and the vacuum chamber has an optical
transmissivity of ∼80% for light with wavelength of 178 nm [RMI Co., 2012], as shown in
Figure 4.4. Independent vacuum pumping stations are used to prevent impurities from the
monochromator side, such as oil from the step motor, from reducing the optical transparency
of the PMT window. A Pfeiffer HiCube 80 Eco pumping station on the monochromator and
a Pfeiffer TMU071P turbo molecular pump with a dry backing pump on the second vacuum
chamber keep the vacuum at about 1.5×10−5 mbar and below 10−6 mbar, respectively.
The vacuum chamber is equipped with a motion feedthrough that allows for linear
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Figure 4.3: The emission spectrum of the McPherson Model 632 deuterium lamp.
motion in three dimensions plus rotation. The photodetector - either a PMT or a photodiode
for calibration purposes - is mounted on this rotator, which can in addition be translated
in both the horizontal and vertical directions. A customized collimator is installed on the
entering tube of the vacuum chamber where the light goes through. This reduces the size
of the beam to ∼ <1 cm and allows for more controlled and parallel beam shining on the
photodetector.
To cool down the PMT from room temperature to a value close to that of LXe (∼165
K), an Iwatani PDC08 Pulse Tube Refrigerator (PTR) is coupled to the vacuum chamber.
Two copper braids are connected to the PTR and attached to each side of a copper box,
which is in direct contact with the case of the PMT. One of two Pt100 thermometers is
mounted on an aluminum piece that supports the PMT as can be seen in top of Figure 4.5.
Another Pt100 is attached to the PMT wall, allowing a direct measurement of the PMT
temperature (not shown in the Figure). The temperature difference between the two Pt100s
was tested to be negligible. For electrical insulation of the PMT due to the polarity used
in the PMT base, the PMT was wrapped around with PTFE tape that also helped hold
the Pt100 in place. The signal of the Pt100 is fed into a customized LabView program and
used for a PID control system that regulates the temperature, via resistive heating of 6.2 V
Zener diodes (part number BZD10C6V2). The vacuum inside the chamber is kept below
10−6 mbar for the duration of all measurements.
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Figure 4.4: Reflectance vs. wavelength curves of various reflectors. Measured at, or near,
normal incidence angles. Figure from www.mcphersoninc.com/reflectivity.htm
An Ortec HV power supply provides the high voltage on the PMT. A modified voltage
divider allows a fixed voltage difference to be set between the photocathode and the first
dynode in the recommended linearity range between 50 and 300 V [Hamamatsu Photonics,
2006]. The current from the photodetectors is measured by a Keithley 6485 picoammeter
with a precision of 0.01 pA. Individual measurements of the current, each set to take 1 sec-
ond, are stored by a dedicated routine provided by Keithley. For each temperature setting,
100 measurements are taken consecutively within 2 minutes and are used to determine the
mean of the photocurrent and its fluctuations.
The four PMTs used in the measurements are Hamamatsu R8520-406 with bialkali
photocathodes and dimensions of 25.7 × 25.7 × 28.2 mm3, with an effective photocathode
area of 20.5 × 20.5 mm2. The QE and the Skb at room temperature was provided by
the manufacturer for each of these PMTs. The average QE value is ∼31% at 178 nm Xe
scintillation light. Table 4.1 shows some specifications of this PMT. The QE as a function
of wavelength provided by Hamamatsu is shown in Figure 4.6. It is clear that the QE peaks
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Figure 4.5: The Pt100 mounted on the aluminum support of the PMT (top) and the Zener
diode mounted on the copper holding structure (bottom). The copper braid for the cooling
of the PMT is also shown.
at near ∼178 nm. Note that this is for the older version of R8520, which is R8520-06-AL,
but it is expected that the overall behavior with respect to wavelength is similar to that of
R8520-406.
A calibrated silicon photodiode of type AXUV-100G from NIST (National Institute of
Standards and Technology) is used as a reference detector to measure the light flux at the
position where the PMT is located. The photodiode has an active area of 10 × 10 mm2.
The detector is sensitive to UV light from 5 nm to 254 nm, and its QE has been determined
by NIST between 116 nm and 254 nm [NIST, 2010]. The uniformity of these photodiodes
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Figure 4.6: QE measured at different wavelength. It is shown that the QE peaks at near
∼178 nm, the Xe scintillation light. Figure provided by Hamamatsu.
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Table 4.1: Specifications of R8520-406 PMTs provided by Hamamatsu.
Parameter Description
Spectral Response 160 to 650 nm
Window Material Synthetic silica
Photocathode Material Bialkali
Radioactivity 15 mBq/PMT Max
Operating Ambient Temperature -110 to +50 deg.C
Maximum Supply Voltage 900 V




Weight Approx. 23 g
is reported in the literature to be within 1% in the active area [Gullikson et al., 1996]. A
nonuniform detector response may lead to errors if the beam strikes different parts of the
diode, of if the incident radiation is not spatially uniform during the measurement. Edge
effects exist only in the outermost 100 µm and are negligible for the present measurement.
This allows us to directly estimate the QE of the PMT. In Figure 4.7, the photodiode with
its pins connected to the cables and mounted on a small PTFE holding structure (left) and
its QE provided by NIST (right) are shown. The blue line for higher wavelengths in the
QE plot is measured from a different photodiode of the same type. The red dotted line for
lower wavelength is the calibration result directly from the photodiode used in this work.
4.3 Calibration and Data Taking Procedure
The monochromator has been calibrated by scanning the wavelength region of a Hg/Cd lamp
and comparing the output spectrum with the one provided in the literature [CRC, 1981].
The relationship between the actual wavelength and the value seen from the monochromator
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Figure 4.7: The NIST calibrated photodiode mounted on the PTFE holding structure (left)
and its QE measurements (right) as a function of wavelength. The blue line for higher
wavelengths is measured from a different photodiode of the same type. The red dotted line
is directly from the photodiode used in this work.
can be described by a simple linear function and was taken into account for selecting the
wavelength of interest:
λ(λMP ) = (11.8± 2.2)A˚+ (0.9996± 0.0005)A˚ · λMP (4.3)
where λMP is the wavelength indicated on the scale of the monochromator and λ(λMP ) is
the actual wavelength as a function of λMP .
A calibration with the Na-D lines was done with a slit size of 20 µm each. The resolution
of the monochromator is dependent on the size of the entrance and exit slits as well as the
wavelength. This configuration of the monochromator is expected to yield a resolution of
1 A˚, which allows the two Na transition lines, from λ(P3/2) at 5890 A˚ and λ(P1/2) at 5896
A˚, to be separated. From the output of the monochromator, two peaks at λMP = 5788A˚
and λMP = 5794A˚ can be resolved.
To measure the quantum efficiency at room temperature, the number of photoelectrons
measured by a PMT should be compared to the number of photoelectrons measured by a
calibrated photodiode. The ratio between the current read from the PMT and the photodi-
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ode is directly proportional to the ratio of the QE of the PMT to the one of the photodiode,
written as:




where IPMT and Iphotodiode are the current measured by the Keithley picoammeter for the
PMT and the NIST photodiode.
The current of the PMT is measured from the photocathode when a voltage is applied
between the photocathode and the dynode system. The dependence of the signal size
on the voltage is shown in Figure 4.8. To correctly estimate the signal of the PMT, the
dark current, mainly due to electron emission from the photocathode not related to light
absorption [Hamamatsu Photonics, 2006], has to be subtracted. This is measured every
time by turning off the lamp and measuring the current from the PMT. The blue dots
in Figure 4.8 corresponding to the corrected signal show that the photocurrent is flat for
voltages above 20V. A value of 50V, well within the range of plateau, was chosen for the
final measurements.
To make sure that the beam size at the position of the PMT is smaller than the area of
the photodiode so that no geometrical corrections for the flux are needed, the beam profile
was scanned in two orthogonal axes parallel to the PMT surface. The entering slit from the
monochromator is equipped with a customized aperture to define the opening of the light
beam. Figure 4.9 shows the scanning in positions in one of the axis. The FWHM of the
beam is about 10 mm, the width of the photodiode, and when it is shifted 10 mm away
from its center, there is zero current reading in the photodiode, meaning it does not see any
light. Thus, the amount of light seen from the photodiode and the PMT is the same, and
a geometrical correction is not required for the measurements.
The stability of the emission of the deuterium lamp was monitored for ∼12 hours, and
the variations of the signal throughout the measurement were found to be smaller than 1%,
which makes it unnecessary to correct the signals from the photodiode and the PMT which
are taken within a few minutes, for such variation.
In addition to the moisture, which is the biggest concern in terms of blocking the UV
photons from reaching the PMT window, the environment inside the vacuum chamber
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Figure 4.8: Photocathode currents measured as function of the applied voltage: photo-
cathode current deuterium lamp on (green), dark current (magenta, deuterium lamp off).
The blue dots show the photocurrent induced by the UV photons as the difference of the
photocathode current with the deuterium lamp on and off. The photocurrent flattens after
reaching about 20V.
should be kept as clean as possible. To reduce the material outgassing, the entire system
was baked for several days while the PMT and the PMT base were kept outside. Because
of some soldered components within the chamber, the temperature was kept below 473 K.
Since the chamber had to be open several times to change the PMTs inside, it was either
baked again after the opening at a temperature of ∼473 K overnight or was flushed with
ultra-high purity N2 during the opening of the chamber.
To measure the response of the PMTs at low temperature, it is important to keep a good
vacuum in the chamber for preventing both the absorption of UV at room temperature as
well as the condensation of molecules on the cold PMT quartz window. The main contribu-
tion to UV absorption are water molecules with a cross section of σH2O = 2 × 10−18cm2 for
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Figure 4.9: Measurement of the photocurrent while scanning through the vertical axis with
the photodiode. Scanning from one direction to another (magenta points) and returning to
the original position (cyan points) measures the same current at each position.
wavelengths near 178 nm [Chung et al., 2001]. The contribution from other contaminants,
such as oxygen, is 3 orders of magnitude smaller (σO2 = 4 ×10−21cm2) [Hudson and Mahle,
1972] at the same wavelength and therefore negligible.
During the cool-down of the chamber, the body of the PMT is the coldest surface inside
the vacuum chamber and water from the residual gas may condense on its surface and cause
light absorption. At our lowest temperature of Tmin = 160 K, the saturation pressure of
water decreases down to ≈ 10−6 mbar [NIST, 2011]. Since we kept the total pressure inside
the vacuum chamber always below 10−6 mbar and the partial pressure of water in the cham-
ber was even lower, no condensation of water could have happened at the quartz window of
the PMT. Of course these arguments only hold for condensing of a bulk film, which would
be governed by the adsorbate-adsorbate (water-water) interactions. The arguments do not
contradict a possible monolayer of water on the quartz window of the PMT, which would
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be governed by adsorbate-substrate (water-quartz) interactions. But even a monolayer of
water would not have influenced the QE measurement significantly. Using the typical sur-
face density of a monolayer of nd = 1015 cm−2, the absorption probability amounts to
Pabs = nd · σH2O = 2 · 10−3 only and would have changed out QE determination by 2 per
mil. This possible systematic effect is a factor 10 smaller than the other uncertainties.
For a better understanding of the impurities in the system, an Extorr XT300 residual
gas analyzer (RGA) was installed to monitor the water peak as the system was cooled down,
and a cryopump was added to effectively trap gas that could affect the measurements at
low temperature. The residual gas content was monitored by a computer with a continuous
scan of the whole mass range. The amount of water decreased below ∼270K, which can be
explained by water freezing around that temperature. Even though the dark current drops
below 270K, the signal, i.e., the difference between photocurrent and dark current, does
not change within the measured fluctuations. If water were sticking to the PMT window,
a decrease in the response to the light would have been observed. This demonstrates that
the impact of water on our results is negligible.
4.4 Results and Discussions
4.4.1 QE measurements at room temperature
As a first step, the QE at room temperature is measured for the four PMTs and the
results are compared with the values provided by Hamamatsu. Using as a reference the
NIST photodiode as explained in the previous section, the photocurrent from each PMTs
is measured and transformed into a QE according to Eq. 4.4. The size of the incident beam
is small enough so that there are no geometrical corrections needed. Table 4.2 shows the
values provided by Hamamatsu and the values measured in the present setup. For both
the PMTs and the reference photodiode, the standard deviation of the fluctuations in each
dataset was taken as the uncertainty on the measurement.
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Table 4.2: QE values measured at room temperature and comparison with the values pro-
vided by Hamamatsu for four different PMTs, designated by their serial numbers.
PMT S/N Hamamatsu QE [%] Measured QE [%]
LV1002 30.5 31.1 ± 2.7
LV1009 30.0 31.3 ± 5.0
LV1013 30.9 31.6 ± 1.5
LV1014 30.3 31.3 ± 3.6
4.4.2 QE measurements at low temperature
To measure the QE of the PMT as a function of the temperature, the PMT casing is
cooled down with the PTR. Once the temperature at which we want to measure is reached,
a current is supplied to the Zener diode to keep it constant. Since the geometry inside
the chamber remains unchanged, the amount of light incident on the PMT window stays






Thus, no further comparison to the photodiode is necessary. Current measurements
were performed from room temperature down to 160 K, the lowest operation temperature
of the PMTs, as indicated by the manufacturer. Figure 4.10 shows the ratio between the
QE at low and room temperature for the four studied PMTs, as a function of temperature.
Note that the room temperatures for each PMT are slightly different, as shown by the
rightmost points in each curve, thus shifting the reference point for each.
For all the PMTs, the sensitivity increases up to ∼10% at the lowest temperature that
was measured. No apparent hysteresis effect was observed while warming back up to room
temperature in any of these measurements. Uncertainties reflect the standard deviation
values of 100 current measurements at each temperature. The larger error bars for PMT
LV1013 are due to electronic noise from running the turbo pump during that measurement.
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The photocathode used in these PMTs is bialkali, as explained at the end of Section 5.2.
The increase of the QE when decreasing the temperature is due to a decrease in the energy
losses with the lattice. Effects from the increase in the band gap are only expected near
the threshold of the photocathode, and hence it does not play any effect at the wavelengths
studied in this work [Spicer and Wooten, 1963].
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Figure 4.10: The dependence of QE on temperature, shown for 4 high QE PMTs. Each
color corresponds to a different PMT, identified by its serial number in the legend in the
upper right corner.
4.5 Conclusion
We have designed a system to measure the QE of R8520-406 PMTs, which have special
Bialkali photocathodes capable of providing a good performance for temperatures down to
160 K. Four PMTs were measured in this setup. Their absolute QEs at room temperature
were measured by comparing their response to that of a calibrated photodiode, and the
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values obtained match those quoted by the manufacturer within the uncertainties.
The QE of the test PMTs was also measured for temperatures down to 160 K, the
temperature of LXe at which these PMTs are usually operated. A relative increase at low
temperatures of up to ∼10% is measured for all four PMTs. This constitutes an important
measurement for detectors based on LXe since it will help to more accurately determine the
number of photons observed from the number of photoelectrons detected. Moreover, the
setup can be adopted to enable testing of other types of PMTs being considered for next
generation experiments based on liquid noble gases.
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Chapter 5
Measurement of the PTFE
Reflectivity at the LXe
Temperature
Together with the quantum efficiency (QE) of PMTs, one of the most important properties
for understanding the optical response of the detector is the PTFE (polytetrafluoroethylene)
reflectivity. In LXe detectors, these data are critical in optimizing the design for optimal
scintillation light detection, and particularly as an input for the Monte Carlo simulations
used to infer the overall light collection efficiency. Thanks to its chemical stability, high
reflectance in the VUV, and a dielectric constant very close to that of LXe, PTFE is
commonly used as insulator and as light reflector in many LXe TPCs, including XENON100.
In large volume TPCs, the light collection efficiency decreases, in general, because of the
smaller solid angle coverage of photon detectors viewing the volume only from top and
bottom. Covering also the sides of a TPC has not been done so far, largely because of cost
of the photosensors but also because of the challenge to operate them close to the TPC
electric field cage. Completely surrounding the scintillator with a good reflector provides a
good way to compensate for the reduction of the light collection. Some materials such as
aluminum coated with MgF2 have been measured to give a reflection coefficient in the range
of 85∼90%. However, when an electric field is applied in the LXe for charge collection, it is
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difficult to use such electrically conductive reflector.
The PTFE reflectivity is measured to be more than 99% over the spectral range of
350∼1800 nm [Weidner and Hsia, 1981] and around 88∼95% for the 178 nm LXe scintil-
lation light [Yamashita et al., 2004], consistent with the high values assumed in the light
collection simulations of most LXe detectors for dark matter search. However, from the
recent measurement of Silva et al [Silva et al., 2009], the possibility of much less reflectivity
at the Xe scintillation light arose and it became more urgent to pin-point the value.
One of the reasons why the reflectivity of PTFE is hard to establish is that it significantly
depends on the surface finish. Furthermore, the PTFE in XENON100 is in contact with the
LXe at about -100oC, which can also affect the reflecting properties. In addition, since the
scintillation light is in the VUV at λ ' 178 nm, the absorption in air is high, which makes
the measurements difficult. As the detector requires low radio-activity materials, it is also
important to check that the PTFE panel does not exceed the thickness that is needed for a
good reflectivity. All these factors contribute to why the reflectivity of PTFE is still largely
unknown at Xe scintillation light and at low temperature. Some of these properties were
tested with the apparatus discussed in this chapter.
5.1 Introduction
PTFE belongs to a family of materials known as fluoropolymers, which includes copoly-
mers of tetrafluoroethylene and ethylene, hexafluropropylene, ETFE (or Tefzel) etc. PTFE
((C2F4)n, also known as teflon), is a polymer produced from tetrafluoroethylene. The strong
bond between carbon and fluorine leads to a high chemical stability in a wide range of tem-
peratures between -200oC and 260oC [Silva et al., 2010], making it suitable to be used in
Xe scintillation detectors.
The reflected light from a surface is in general a superposition of diffuse and specular
contributions. The reflectivity, R, is the fraction of incident radiation reflected by a surface
and is defined as
R = Iref/Io (5.1)
where Iref is the reflected light and Io is the incident light, and
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Iref = Ispec + Idiff (5.2)
where Ispec is the specular component and Idiff is the diffuse component. The roughness of
the surface, which affects both diffuse and specular reflections, is described as a collection of
micro-surfaces randomly oriented in space, based on a probability distribution related to the
surface structure. Since the angular distribution of the reflected light depends on the surface
structure and the inhomogeneities of the subsurfaces on the medium, which are largely
unknown, the reflectivity has to be treated statistically to account for the characteristics
of the material. A normal to the local surface ~n′ is defined for each micro-surface and the
global normal ~n is defined for the macroscopic surface. As shown in Figure 5.1, α is the
angle between ~n′ and ~n.
Figure 5.1: A simplified picture of a surface and the associated angles.
In a dielectric, the diffuse component of reflection is associated to an internal scattering
of light that penetrates into the material and is scattered by sub-surface inhomogeneities,
which direct the light back to the incoming surface. For smooth surfaces, this process is
roughly described by a Lambertian. In some occasions the model can be improved by the
addition of a Fresnel reflection coefficient. A Lambertian surface is defined for an ideal
diffusely reflecting surface such that the intensity of the reflected light is equal regardless
of the viewing angle of an observer. Since the reflection is isotropic from a surface, but the
light per unit area arriving at the surface depends on the angle, the resulting intensity of
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reflected light follows
Idiff = Iocosθr (5.3)
where θr is the angle of reflection.
The Fresnel reflection coefficient can then correct for different amount of light that pen-
etrates the sub-surface layers at different entry angle, depending on the indices of refraction
above and below the surface. However, in our setup we have observed that it is possible to
describe the studied effects without the need for this term.
The surface roughness is still important for the specular reflection although its contri-
bution is smaller than for the diffuse reflection. In ideal mirror-like surfaces, the reflected
light follows the common law of reflection, which states that the reflected angle is equal
to the incident angle, towards the opposite direction. However, in most cases with rough
surfaces, a geometrical factor that accounts for random micro-surfaces and the solid angle
effect must also be accounted for.
Thus, the resulting reflection curve would show a sharp peak on top of the diffuse
component. At large angles of incidence the surface appears smoother and the specular
spike will increase.
For the following Monte Carlo simulation, diffuse and specular reflections are treated
separately and superimposed to get the total reflectance. Section 5.2 ∼ Section 5.4 describe
the experimental setup at the University of Mu¨nster used to measure the reflectivity of some
samples, especially from the TPC of XENON100, calibration for the measurements, and
the measurement method. Section 5.5 follows with the discussion on the simulation model
to fit the data. Finally, in Section 5.6, the analysis and results from the measurements are
presented.
5.2 Experimental Setup
The setup for the reflectivity measurement was built at the University of Mu¨nster in Ger-
many. As the set up for the quantum efficiency (QE) measurement, it is divided into two
volumes: one for the deuterium lamp and the monochromator and another for the chamber
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that holds a PTFE sample and a PMT. A Hamamatsu R8520 PMT, the same type as in
XENON100 and also in the QE setup, is used as an optical detector. The deuterium lamp
and the monochromator are the same ones used in the QE setup, as described in Chapter 4.
The outgoing light from the monochromator is selected to have a wavelength of 178 nm,
the LXe scintillation light. The chamber for the PTFE measurements was replaced with a
larger double wall cylindrical chamber to be able to house a bigger PMT and to change the
inner configuration more easily.
The vacuum inside the vacuum chamber is maintained by an oil-free roughing pump
(Leybold SC15D) and a turbo (Oerlikon Mag Drive iS 400001431). A buffer volume is
placed in between these two pumps so that once it reaches a desired vacuum it is able to
maintain the vacuum of the chamber for over a day, with the valve to the roughing pump
closed. The chamber is cooled down each time when the vacuum reaches below 10−5 mbar
level to make sure that the vapor pressure of water does not cause condensation on the PMT
window. As previously mentioned, water has a large cross section to the wavelength of Xe
scintillation light [Chung et al., 2001], so the condensation on the PMT window may cause
a fatal reduction in the signal readings. The Leybold-Heraeus RPK 1500E 2 stage coldhead,
providing 12 W at 80 K stage and 2 W at 20 K stage, is used to cool the chamber together
with a compressor, Leybold-Heraeus RW 2. The double-walled shield for the chamber is to
easily maintain the vacuum and the low temperature after cooling down. Figure 5.2 shows
the setup at the University of Munster.
On the monochromator side, a Pfeiffer TMU 071 P DN 63 CF-F unit keeps the vacuum
at ∼1×10−5 mbar level. The same buffer volume is used as in the vacuum chamber side.
There is no separate roughing pump for the monochromator but using this buffer volume
makes it possible to maintain the vacuum.
The monochromator and the vacuum chamber are connected via a MgF2 window that
allows a high transmission of about 80% of the UV light. It is necessary to separate the two
volumes to prevent the oil from the mechanical components, such as the step rotor in the
monochromator, from sticking on to the PMT window. The transmitted light is refracted
with a lens (Edmund Optics Ltd, product number 48297) that focuses the beam toward the
PTFE [Sprenger, 2011]. The diameter of the beam profile on the PTFE surface is ∼1 mm.
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Figure 5.2: The reflectivity setup at the University of Munster, Germany. The deuterium
lamp and the monochromator are on the left separated by a MgF2 window from the double-
walled chamber that houses a PMT and a PTFE sample, on the right.
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The vacuum chamber is painted in black to prevent the inner reflection from the dis-
persion of the beam and is big enough to comfortably house the PTFE sample and the
PMT. Figure 5.3 shows the schematic view of the setup (top) and the top view of the setup
in the laboratory, with the vacuum chamber opened on the big top flange (bottom). The
double-walled shield with the inner wall connected to the cold head from the bottom right
side can be seen.
The signal from the PMT is first amplified and shaped by an ORTEC timing filter
amplifier, and amplified again, by a factor of 10, with a CAEN Model N979 fast amplifier.
It is then fed to an ORTEC Model 406A single channel analyzer with a threshold of about
0.6 V, which gives out a signal to a CAEN Model N1145 counter. The counted number
of signals is sometimes read off directly from the counter for calibration purposes or fed
into a DAQ programmed in a National Instruments (NI 6008) DAQ module and goes to
a computer to be recorded. The LabView program is capable of moving the PMT angle
remotely, adjusting the duration of data taking, and processing the data in ascii format.
The readings from a Pt100 resistor attached on the inner cold shield are processed
through a designated LabView program and are converted to temperature output. Although
the cooling is only indirect for the PMT and the PTFE sample, cooled down via convection
of the cold chamber, it is seen that it reduces the dark current of the PMT. The low
temperature of the PMT and the PTFE is similar to that inside LXe detectors, including
XENON100.
The PTFE holder is installed vertically from the top flange with a rotational feedthrough,
which is enabled to rotate 360o as well as in 3D directions. The holder is made in stainless
steel and coated with a black paint to minimize the internal reflection of light from the inner
surface of the chamber. There are two types of holders depending on the PTFE sample to
be used. One is for the measurement of small pieces of PTFE samples put at different tilt
angles (ψi in Figure 5.4) with respect to the light. For this holder the area between the
first and the second PTFE pieces from the top (shown on top of Figure 5.5) is polished to
expose a metal surface with high reflectivity, which can be used for the calibration. The
second holder is for samples of various shapes. It has less restrictions on the sample sizes or
shape and is ideal for samples of different thicknesses, for example. A sample can be fixed
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Figure 5.3: A schematic of the chamber housing a PMT and a PTFE sample (top) and the
top view of the setup in the laboratory with the top flange opened (bottom). Figure from
K. Bokeloh’s Thesis (2012).
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simply with a small screw from the side. The calibration of X, Y, and Z positions of the
PTFE sample is described in the Section 6.2.
The PMT is also enabled to rotate around the PTFE sample for various angles of
reflection. A copper casing for the PMT is connected to an aluminum arm, which enables
the angular motion of the PMT. An aluminum aperture is attached in front of the PMT
case and can be replaced for different beam spot sizes. The angle of the PMT is controlled
by the step motor at the bottom of the vacuum chamber, and once the initial angle is
fixed, the angle changes automatically during the measurement according to the LabView
software.
5.3 Calibration
The motion of the PTFE together with the PMT around it is shown in Figure 5.4. The
incidence angle θi is determined by rotating the PTFE sample with respect to z axis. The
exit angle θo, or the angle of reflection, is the angle that the PMT makes around the PTFE
sample. The tilt angle of the PTFE ψi is obtained by rotating the PTFE piece with respect
to the horizontal axis, changing the angle relative to the line of the incoming light.
Figure 5.4: A diagram showing the definition of the angles for the measurement. The
incidence angle θi, the exit angle toward the PMT θo, and the tilt angle of the PTFE
sample ψi, are indicated with respect to the PTFE sample and the PMT.
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It is needed to carefully calibrate the beam as well as the positions of the PTFE and
the PMT before taking meaningful measurements. The calibration of the beam can be
found in [Sprenger, 2011]. The following sections illustrate the way of setting the reference
positions for the PTFE and the PMT.
5.3.1 Motion of the PTFE sample
A motion feedthrough on top of the vacuum chamber is capable of moving the PTFE in
3D and in angular motion to make different angles with respect to the light. It is easier
to fix the PTFE position at least at two axes in the horizontal plane (i.e., x, y axes) so
that the light hits the middle of the PTFE for each measurement. This is done by scanning
the sample in one of these two axes and determining the center of the region. The proper
position at another axis in the vertical plane (i.e., z axis) has to be determined after every
opening for installing a new sample. It should be near the position roughly estimated from
the drawing of the holder.
Once the PTFE sample is fixed at a proper position in x, y, and z, the angle where the
light just grazes off the surface is searched for. This will be the reference angle from which
the angle of incidence is determined. For this purpose, the PMT is fixed directly in line with
the beam (θo = 180
o) and the PTFE sample is positioned at different angles (θi) for each
time of measurement. Then, the number of signals on the PMT that pass the threshold,
read from the counter, is looked at for each PTFE angle. As the light is obscured by the
PTFE sample at different angles, the intensity of the beam seen by the PMT varies. It
shows a maximum signal rate over a certain range of angles and then goes down when the
PTFE sample starts blocking the beam, yielding a plateau of the PMT signal rate as each
PTFE angle is scanned. The central value from the plateau is selected for the reference
angle, where the norm of the PTFE surface makes θi = 90
o with respect to the light.
The holders for the PTFE samples are shown in Figure 5.5, with different samples fixed.
The holder on top is designed to hold three small samples that face the light at different tilt
angles, namely 0o, 3o, and 12o, probably enough to compare the responses from different
tilt angles. The second holder (shown in the middle and at the bottom) is more flexible
to handle samples of different sizes or shapes. Both measurements, with the sample for
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different thicknesses and the sample from the central part of the XENON100 TPC, are
performed with the second holder.
5.3.2 Motion of the PMT
The PMT can be moved around the PTFE holder, as seen in Figure 5.4. The motion
feedthrough is located at the bottom of the chamber and is automated with a step motor
so that the PMT angle can be shifted after a certain measurement period at each position.
The θo = 180
o angle that the PMT makes with the incoming beam, when the PMT is
directly facing the beam from the opposite side, is carefully determined by scanning the
beam profile perpendicular to the beam direction, without a PTFE sample in front. From
the counter, the output signals on different PMT positions can be read and create the beam
profile. The middle of the curve, also when the maximum signal rate occurs, is where the
PMT directly faces the incoming light. Other θo angles are determined relative to this
reference angle.
5.4 Data Taking Procedure
After the beam exits from the monochromator and goes through the collimator, there are
three parameters to be adjusted in the measurement. A simplified picture of these three
parameters, the incident angle, the exit angle, and the tilt angle, are shown in Figure 5.4.
Once these three parameters are properly defined, the data is taken by running a designated
LabView program. For each reflectivity measurement with a fixed PTFE position, the initial
PMT angle is set from the step motor and recorded into the program. It takes 5 seconds of
data in each position of the PMT, and about 15 minutes for a complete set of measurement,
during the PMT moving from the initial to the final angle. Before proceeding to another
angle of the PTFE (θi), each data set is checked whether it is taken under good noise
condition.
For a proper normalization of the total rate, the beam intensity measurement is taken
roughly twice a day, at the beginning and at the end of each day of data taking. The
fluctuation in the rate of the peak was seen to be less than 10% and is accounted for as
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Figure 5.5: The PTFE holders for different samples. The first holder is for samples with
different tilt angles (on top). The second holder (in the middle and at the bottom) is for
samples with more flexible shapes and sizes. The middle photo shows the sample cut for
different thicknesses, and the bottom photo shows the sample with horizontal grooves for
the field shaping rings. All samples are collected from the XENON100 TPC.
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a source of uncertainty. Figure 5.6 shows an example of the beam intensity measurement,
used for the normalization in the final analysis, with a maximum rate of ∼3.3 kHz.
PMT angle [deg]









Figure 5.6: The beam intensity measurement showing ∼3.3 kHz of maximum rate.
To explore different properties of PTFE, three PTFE samples were used, namely the
sample for different tilt angles (ψi), the sample for different thicknesses, and the sample
from the central part of the XENON100 TPC, with horizontal grooves for the field shaping
rings. The other two samples are from the top or bottom portion of the XENON100 TPC.
See Figure 5.5 for the pictures of these samples.
5.5 Modeling the Reflection
A code for simulating the reflected light seen from a PMT was built in C [Bokeloh, 2012].
In the program, both the specular and diffuse components are taken into account and are
added to obtain a total spectrum for each angle of incidence. As described in Section 5.1,
the PTFE surface is treated as a rough surface with random distribution of micro-surfaces
with normal vectors ~n′ assigned for each. The ~n′s are to be distributed by 2D Gaussian
with respect to ~n. The consequent geometrical cut off, defining the maximum angle that
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the PMT can see a signal, is taken into account as well.
The data is then prepared in a format so that all measurements of different angle of
incidence can be fitted with the model at the same time. For example, the fitting program
takes into account all the fits from 0o up to 80o of incidence angles to determine the param-
eters that will later be used to calculate the reflectivity. The χ2 minimization for each set
of measurement is also performed to test the validity of each fit.
After each fitting, the program gives a series of parameters, including the amplitude of
diffuse reflection and the specular reflection at each angle of incidence. From these, the





where rd is the diffuse reflection, Adiff is obtained parameter from the fitting for the diffuse
component, Nsim is the number of rays simulated in the model, and C0 is the number of






where rs(θi) is the specular reflection at each angle of incidence, and Aspec(θi) is the pa-
rameter obtained from the fitting also for each angle. The total reflection is then the sum
of these two, rtotal(θi) = rd + rs(θi). The results in Figure 5.12 - 5.15 are multiplied by 100
to show the percentages.
5.6 Analysis of Data
5.6.1 Measurements for different PTFE tilt angles with respect to the
light
The sample for this measurement is from the PTFE panel that built top and bottom of the
XENON100 TPC. The holder shown in Figure 5.5 (top) was used for the measurements.
It is machined in such a way that the first opening sets a PTFE piece with 0o tilt angle,
the second one with 3o, and the third one with 12o. After the holder is fixed at a certain z
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position for a specific PTFE piece, the PTFE is rotated along the z axis as mentioned in
Section 6.2 for each angle of incidence. The lengths of the samples are sufficiently long to
cover the range of angles that need to be monitored.
Figure 5.7: The spectra of the reflected light at different tilt angles of the PTFE sample
taken from the structure which holds the top and bottom PMTs of the XENON100 TPC.
The results for 3o (top) and 12o (bottom) tilt angles are shown. Each angle of incidence is
drawn with different colors as shown in the legend.
The spectra of the reflected light at different angles of incidence are shown for data of
the tilt angles 3o and 12o in Figure 5.7. The PMT angle, which is shown in the x axis of
the plot, simply indicates the angle it makes with the line of beam and can be determined
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by the relationship
θPMT = θi + θo (5.6)
where θPMT is the PMT angle, θi is the angle of incidence (the PTFE angle in the legend),
and θo is the angle of reflection (the angle that the PMT makes with the norm to the PTFE
surface). Each spectrum of reflection consists of the diffuse part on its left tail and the
specular part on its right. It is clear that the reflections from higher incidence angles have
more prominent peaks from the specular component. The diffuse component is common to
all angles of reflection.
5.6.2 Measurements for different thicknesses
The sample, also from the pieces that consist top and bottom of the XENON100 TPC, is
shaved for different thicknesses (Figure 5.5, middle), 1, 2, 3, and 5 mm. Figure 5.8 shows
the reflection spectrum from this set of measurement. This particular set was taken at the
position where the thickness is 5 mm. Again, the diffuse reflection dominates for small
incident angles, and the specular contribution becomes higher at larger incident angles.
Figure 5.8: The spectrum of the reflected light at different angles of incidence measured for
a PTFE thickness of 5 mm.
In Figure 5.9, the comparison of the resulting reflectivity spectra from different thick-
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nesses is shown. The reflection, absorption, and transmission of light from a PTFE surface
are all expected to depend on the thickness of the sample. A thicker sample will help for
a good reflectivity, but in detectors that require low radio-activity materials for ultra-low
background, it is good to reduce the amount of any source that may contribute to the radio-
activity. For 1, 2, 3, and 5 mm of the PTFE thicknesses, the reflection spectra for 80o angle
of incidence are plotted together to compare the peak heights of these data. By looking
at the peak height, the rate differs by < 15% from going from 1 to 5 mm of thicknesses.
Although it is not a drastic change, it is worth to look more closely at the difference in the
reflectivity values (See Figure 5.14).
5.6.3 Measurements for the sample with grooves
Since the sample is from the center of the XENON100 TPC, it has horizontal grooves
for the field shaping rings. The positions of the grooves with respect to the z axis inside
the chamber were estimated, and the distance between the grooves was measured before
installing the piece. The z position is chosen so that the beam hits a flat surface without
the groove. Since the grooves are horizontal, rotating the PTFE piece along the z axis will
not change the z position of the grooves, and thus the beam will stay free of grooves for the
whole measurement.
The reflection spectrum is shown in Figure 5.10. Each of these measurements with
different angles of incidence (the PTFE angle shown in the legend) will be fitted to the
simulated model and used to determine the reflectivity of the sample. It should be noted
that this sample has been procured more than 2 years earlier than the other samples. The
surface might have aged after being treated and cleaned for the detector, although it has
been cleaned again right before the measurement.
5.6.4 Discussion
As mentioned in Section 5.5, the Monte Carlo model for reflection is fitted to data of each
measurement to estimate the reflectivity values. The diffuse reflection sets the base line for
each reflectivity result, and the specular component at each angle is superimposed to get
the total reflectivity. Some example of model fits to the data are shown in Figure 5.11 for
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Figure 5.9: Comparing the rate of the peak seen at 80o of incidence angle for the reflected
light from different thicknesses. The results for 1, 2, 3, and 5 mm are shown. The zoomed
view is seen at the bottom. As the thickness of the PTFE sample gets smaller the peak
height decreases, meaning some light is transmitted through the sample. The difference
between 1 and 2 mm is not clearly visible.
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Figure 5.10: The spectrum of the reflected light from the XENON100 sample with horizontal
grooves for the field shaping rings.
the sample with horizontal grooves. The specular component (green) is added on top of the
diffuse component (blue). The combined total spectrum (red) is fitted to the data (black).
In the following Figures 5.12 ∼ 5.15, the resulting reflectivity values are shown. The
amplitude of the diffuse component for each measurement is indicated with red horizon-
tal lines. Each data point shows the intensity of total reflection, obtained by adding the
amplitude of the specular component to the diffuse component. The value of each point
minus the value shown by the horizontal line gives the specular reflection. In general, the
reflectivity values increase as the angle of incidence increases, showing the highest value at
the biggest angle measured, θi = 80
o.
For the measurement of different PTFE tilt angels ψi, it can be seen that the total
reflectivity values significantly decrease from 3o to 12o for each angle of incidence. If the
values at 80o of incidence that show the most dramatic difference are compared, for example,
the value for 12o is smaller by 39.4% than the one for 3o, changing from 79.7% to 48.3%
of total reflectivity (See Figure 5.12 and 5.13). Also, the change of reflectivities between
small and big angles of incidence is much more dramatic for 3o, implying that the specular
component is more prominent at a smaller PTFE tilt angle.
The measurement of the sample with horizontal grooves from the field shaping rings
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XENON100 sample with grooves, 70deg
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XENON100 sample with grooves, 60deg
PMT angle [deg]


















XENON100 sample with grooves, 50deg
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XENON100 sample with grooves, 45deg
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XENON100 sample with grooves, 40deg
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XENON100 sample with grooves, 30deg
PMT angle [deg]
















XENON100 sample with grooves, 20deg
PMT angle [deg]















XENON100 sample with grooves, 10deg
Figure 5.11: The simulated model (adding the diffuse and the specular components) is
fitted to data for each angle of incidence θi. For lower angles (shown at the bottom), the
diffuse reflection dominates. For higher angles, the specular contribution becomes bigger
and dominates the peak at θi = 80
o, for example.
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Sample with different angles, 3deg
angle of incidence [deg]














Sample with different angles, 12deg
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Figure 5.12: The reflectivity values from the measurement of 3o, 12o, and of the sample
with grooves for the field shaping rings, from top left to bottom. The red horizontal lines
indicate the level of amplitude for the diffuse component.
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is shown at the bottom of Figure 5.12. It should be noted that this sample was prepared
long before the other samples. Although it has been kept inside a sealed bag to minimize
the time of exposure to the air and was cleaned again before the measurement, the surface
might have been contaminated both from dirt in the air and from being handled multiple
times at different conditions. The smaller reflectivity values in general can be due to this
contamination at the surface.
Figure 5.13: The reflectivity values from the measurement of different PTFE tilt angles (3o
and 12o) shown together. The horizontal lines indicate the level of amplitude for diffuse
component in each measurement.
The measurements from 1, 2, 3, and 5 mm of PTFE thicknesses show a general trend
that the reflectivity values increase as the sample thickens. This is somewhat expected
as it is more probable to transmit light through a thinner sample and thus less light for
reflection. Although the values for the 5 mm sample are not much bigger than the ones
for 3 mm, it can be noticed that this is due to a lower level of the diffuse component in
5 mm. The specular component alone, which is the difference between the total reflectivity
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and the diffuse level, is bigger for the 5 mm sample, especially for the biggest angles of
incidence, θi = 80
o. Considering that the diffuse component is very sensitive to the surface
treatment, the lower diffuse level for 5 mm can be possibly explained by a slight difference
in preparing the surface. The comparison of all values from different thicknesses can be
seen in Figure 5.15.
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Sample with different thickness, 2mm
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Sample with different thickness, 3mm
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Sample with different thickness, 5mm
Figure 5.14: The reflectivity values from the measurement with different thicknesses of the
PTFE sample. From the top left, the values for the measurements between 10o and 80o of
incidence angles are shown for 1, 2, 3, and 5 mm. The red horizontal lines indicate the level
of amplitude for the diffuse component.
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Figure 5.15: The reflectivity values from the measurement of different PTFE thicknesses
(1, 2, 3, and 5 mm) shown together. The horizontal lines indicate the level of amplitude for
the diffuse component in each measurement.
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XENON100 sample with grooves
Figure 5.16: The rate of reflectivity light from the samples with different tilt angles, 3o
(left) and 12o (right), and from the sample with grooves for the copper field shaping rings
(bottom), for 178 nm Xe scintillation wavelength, plotted as a function of PMT angle (in
degrees), for various angles of incidence. The solid lines are the fitted models to the data
distributions shown with dots.
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5.7 Conclusion
In the framework of the XENON100 detector R&D, a dedicated setup was constructed
to measure the reflectivity of materials used in the TPC construction, with a wavelength
of the LXe scintillation light. Several PTFE samples from the same material used in the
XENON100 TPC have been measured. The simulation of the reflected light, considering
both the diffuse and the specular components, was developed and used to fit the data.
The agreement between the simulated model and data is quite good. From the result, we
can obtain the reflectivity values for each sample. In particular, the difference between
different tilt angles and between different thicknesses are explored. Considering the total
reflectivity of the highest angle of incidence measured (θi = 80
o), we see that it increases
from ∼49% to ∼80%, from 3o to 12o sample, which is quite a drastic change. The variation
of reflectivity values for different thicknesses can also be seen, ranging from ∼61% to ∼72%,
when changing from 1 mm to 5 mm. The result from the sample with horizontal grooves
shows the lowest reflectivity where one possible explanation is the contamination at the
surface.
The results in general show smaller reflectivity values compared to the ones from other
experiments and the range of values assumed in the XENON100 Monte Carlo. It is possible
that XENON100 may have benefitted from being filled with LXe. The LXe/PTFE interface,
instead of the PTFE being placed in the middle of a vacuum chamber as in the setup of
this chapter, may have increased the reflectivity.
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Chapter 6
Selected Analysis of the
XENON100 Data and Dark Matter
Results from 224.6 Lifetime Days
In this chapter we present the latest results of the XENON100 experiment, corresponding
to the so called run 10, and a selection of the analysis performed to achieve these results.
The XENON100 data are organized in runs. Each of these runs comprises periods in which
the detector conditions are unchanged and hence all the data have the same backgrounds
and systematics. Up to now, data from two of these runs have already been presented. The
first one corresponding to a commissioning run during 2009 (run 07) and the second one
corresponding to the first science data, taken between 2009 and 2010 (run 08) [Aprile, 2010;
Aprile, 2011a]. These data clearly demonstrated the excellent performance of the detector
and its ability to search for dark matter particles. The first scientific data, corresponding
to 100.9 live days put a stringent limit both for elastic and inelastic interactions.
The data that we will present in this chapter correspond to the run 10 of XENON100
and were taken between March 2011 and March 2012. The detector continuously acquired
data during the run, except for three interruptions due to equipment maintenance, and the
total acquired exposure is 224.6 live days. This exposure is obtained after removing periods
in which some of the parameters of the detector fluctuated outside the normal range or
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there were increases in the noise conditions in the data. In total, these removed periods
correspond to about 3% of the data taking time. This run also establishes the longest period
for a liquefied noble gas TPC continuously running in stable conditions.
Mainly dark matter data were taken, but also regular calibrations were performed using
blue LED light for the PMT gains, a 137Cs source for monitoring the LXe purity, and
60Co and 232Th sources for the electronic recoil background calibration. Also, data with an
241AmBe neutron source were taken just before the start and at the end of the run. These
calibration data not only define the electronic and nuclear recoil bands in the log space, but
also provide information for testing the cuts and predicting the background rate.
Compared to the previous run of XENON100 [Aprile et al., 2011a], the new run has a
considerably larger exposure with a significant reduction of the intrinsic background from
85Kr as the Xe gas was processed prior to filling it into the detector in the Fall of 2010,
using the cryogenic distillation column installed near the XENON100 setup underground.
The inferred natKr concentration in Xe, measured in a Xe gas sample from the detector
with a ultra-sensitive rare gas mass spectrometer combined with a sophisticated Kr/Xe
separation technique, was lowered to (19 ± 4) ppt from (400 ± 100) ppt of the previous
run. This implies a decrease in uniform background inside the TPC from the β decays of
85Kr. This measurement is consistent with the (18 ± 8) ppt from an independent analysis
of delayed β-γ coincidences associated with the 85Kr beta decay, assuming a 85Kr/natKr
ratio of 2×10−11. It uses the beta-decay of 85Kr to 85mRb, with 173.4 keVee end point,
followed by the decay of 85mRb to 85Rb, with a gamma of 514 keVee, with 1.46 µs half-life
and branching ratio of 0.434 %.
When the expected number of events in the outcome of an experiment is small, a common
practice is to blind the results, making them unavailable during the calibration phase such
that the analysis will not be tuned to accept or reject any measured events and the result
will not be biased. In the mean time, the WIMP search region of interest (ROI) is defined,
cuts are optimized, background events are estimated, and analysis tools are tested and ready
to be used in the dark matter data. In order to avoid any bias while doing the analysis, the
dark matter data was blinded from 2 - 100 PE in S1 in such a way that only the upper 90 %
of the electronic recoil band was kept. This masked totally the signal region while leaving
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most of the electronic recoil events accessible to verify the quality of the data acquired and
to optimize the data selections and cuts.
For the analysis presented here the raw data were processed with the event processing
software as described in Section 2.2.4. The Neural Network (NN) position reconstruction
algorithm was used to find the event positions, and each event was corrected for spatial
dependence of the S1 and S2 signals before assigning physical event position in the TPC.
6.1 Energy Scales
As explained in Section 2.1.2, when there is a particle interaction within the LXe, the energy
deposition is converted primarily into excitation and ionization, with a part of energy that
goes into heat. In the XENON100 TPC the ionization signal is detected via the proportional
scintillation light produced by the ionization electrons which are extracted from the liquid
and accelerated in the gas. The same PMTs are used to detect this S2 signal and the
primary scintillation, or S1 signal, produced by direct excitation and by the recombination
process. Since electronic and nuclear recoils produce different amount of scintillation light
and ionization electrons, due to their different dE/dx, it is important to determine the
two energy scales, Enr and Eer, separately. The following sections discuss the scintillation
efficiency, Leff , that bridges the energy scales from electronic and nuclear recoils and also
the combined energy scale using the information of both S1 and S2 signals.
6.1.1 Scintillation efficiency Leff
The energy scale for nuclear recoils in XENON100 is determined solely by the S1, because
the light yield of nuclear recoil has been measured down to low nuclear recoils energy whereas
the charge yield remains unknown at low energy ([Plante et al., 2011; Sorensen and Dahl,
2011]).
Since it is difficult to measure the absolute scintillation efficiency for nuclear recoils,
the scintillation yield of nuclear recoils in LXe is typically calibrated relative to the one of
electron recoils. The 122 keV γ-rays from a 57Co source are commonly used to determine
the relative scintillation efficiency, Leff , to define the nuclear recoil equivalent energy scale,
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based on the known light yield of 122 keV gamma.
There are two ways of determining Leff from an experiment: direct measurements with
neutron scattering experiments or indirect inference from a comparison of neutron recoil
data, typically from an AmBe source, with Monte Carlo simulations. The direct measure-
ments have relatively less systematic uncertainties and have been used in XENON100 to
determine Leff for the nuclear recoil equivalent energy.









where Ly = (2.28 ± 0.04)PE/keVee is the light yield for 122 keVee electronic recoils from
XENON100, Leff is the scintillation efficiency for nuclear recoils relative to that of 122
keV gammas, See = 0.58 and Snr = 0.95 are the scintillation quenching factors due to the
electric field for electronic and nuclear recoils, respectively [Aprile and Doke, 2010].
Because the attenuation length of 122 keV γ-rays in LXe is about 3 mm, the majority
of the γ-rays that reach the active volume are absorbed in a very thin layer of the liquid.
Thus, an interpolation from a fit to γ-lines at other energies has been used to extract the
light yield, Ly, with the drift field of 530 V/cm. The decrease of light due to the electric
field quenching has to be taken into account since the field suppresses the recombination
process and hence that contribution to the scintillation.
The light yield of electronic recoils in the XENON100 detector is measured at different
energies using several gamma sources. From the 241AmBe neutron calibration, 40 and
80 keV gamma-lines are also available, coming from inelastic neutron scattering of 129Xe
and 131Xe. In addition, 164 keV and 236 keV lines are produced from decays of activated
xenon metastable states, with half-lives of 8.9 days and 11.8 days, respectively. As the
energy increases, the light yield, the amount of light produced per keV, becomes lower. As
it is shown in Figure 6.1, the light yield shows non-linear behavior as a function of electronic
recoil energy, which is typical of most scintillators, including noble liquid detectors. The S1
light yield for different gamma-lines are shown at the operation drift field of 0.53 kV/cm.
The value at 122 keV from 57Co is interpolated using NEST model [Szydagis, 2011], together
with the measurements at other energies with 5% uncertainty.
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Figure 6.1: S1 light yield for different γ-ray energies at the operating drift field of
0.53 kV/cm. The value at 122 keV is interpolated using NEST model and measurements
at other energies. Ly at 122 keV is (2.28 ± 0.04) PE/keV.
The recent measurement from the Columbia group, as discussed in [Plante et al., 2011]
has improved the understanding of Leff at low energies, both by narrowing down the
uncertainty and reaching the lowest energy (3 keVnr) ever measured. Nevertheless for the
calibration of the XENON100 experiment, all the available direct measurements of Leff
were taken into account for the best estimate of Leff . The parametrization, together
with its uncertainty, is obtained by assuming that Leff can be described as a Gaussian
at each nuclear recoil energy. Below 3 keVnr, the Leff parametrization is extrapolated
logarithmicallly to 0 at 1 keVnr. The resulting parametrization and its uncertainty are
shown in Figure 6.2 together with the data points from several direct measurements of
Leff .
6.1.2 Combined energy scale
The combined energy scale (CES) is defined using the anti-correlation of the scintillation
(S1) and ionization (S2) signals in LXe [Aprile et al., 2007a]. When a specific energy is
plotted in the S2 vs. S1 plane, an ellipse of a 2D Gaussian shape, with its main axis tilted
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Figure 6.2: The parametrization of Leff as a function of energy. Below 3 keVnr, the
parametrization is extrapolated logarithmically to 0 at 1 keVnr. The shaded regions corre-
spond to the 1σ (dark blue) and 2σ (light blue) contours of the used parametrization (blue
sold line), Figure taken from Aprile et al (2011).
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by the anti-correlation angle θ, appears. This is an intrinsic property of LXe responding
to energy deposition. The θ is roughly constant for energies down to ∼100 keV, decreasing
at lower energies. For 40 keV and 80 keV, for example, the angles are smaller because the
observed energy deposition is a combination from a nuclear recoil and a subsequent gamma
emission.
From θ, the CES can be defined as [Aprile et al., 2007b]
c =
sinθ · s + cosθ · i
sinθ + cosθ
(6.2)
where c is the combined signal in units of keV, s and i are scintillation light and charge
based energy in units of keV.
Figure 6.3 shows an example of the anti-correlation measured at 662 keV from 137Cs
calibration data (left), and the comparison of spectra in three different energy scales (right).
The Compton continuum is largely suppressed by selecting only single-scatter events. The
resolution (1σ) is 12.5% for the S1 scale, 6.5% for the S2 scale, and 2.3% for the CES. The
equation used in run10 analysis of the XENON100 is
CES(E) = cS2b ×A + cS1× B (6.3)
where A = 1.795 × 10−3 and B = 0.226 are the constants to fit the specific data in use.
The cS2 or cS1 indicates the corrected signal and cS2b is the corrected S2 signal in the
bottom PMTs, which is used to avoid saturation effects that occur in the top array due to
the proximity of the S2 production site to the PMTs.
The improved resolution in CES, as shown in Figure 6.4, also helps separating the
gamma lines from radioactive decays when comparing the measured background spectrum in
XENON100 with Monte Carlo expectation, taking into account all the known and measured
radioactivities in the detector’s materials and its environment [Aprile et al., 2011a]. The







where E is the gamma energy and the ci are constants that are different for the three scales.
c2 is compatible with zero for the CES.
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Figure 6.3: The anti-correlation in S2 vs. S1 parameter space for 137Cs calibration data
(left) and the spectrum of 137Cs at 662 keV in three different energy scales (right). The
resolution is effectively reduced when combining the S1 and S2 signals.
Figure 6.4: Measured resolution (σ/E) of gamma calibration lines from 40 keVee to
1333 keVee in S1, S2 and CES. The fits to describe the 1/
√
E dependence are also shown.
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6.2 Calibration
The PMT signals have to be converted to some physical variables for the data analysis.
Raw data from the XENON100 experiment consist on the number of ADC counts and their
time stamp seen by each PMT during a given event. The quantity used for this conversion
is the gain, the ratio between the charge output and the charge input to the multiplication
chain. This allows the conversion from the ADC counts to the number of photoelectrons
(PE) emitted from the photocathode.
Weekly calibrations of the PMTs with the LED data are performed to monitor the
change in PMT gain both on long term and short term periods. The constant monitor of
the PMT behavior allows not only to give precise correction of the signals but also to detect
decreases in the performance of a given PMT. The gain of all 242 PMTs in XENON100 is
measured with an error at the 1% level.
The light yield and the attenuation length depend on the amount of impurities in LXe.
Since this is continuously purified, it is necessary to monitor these variables to correct the
data accordingly. 137Cs calibration data is also taken weekly to study the evolution of the
light yield, charge yield, LXe purity, and also the width of the S2 pulses. The continuous
increase in the LXe purity is shown in Figure 2.5.
The low energy Compton continuum events from 60Co and 232Th source calibration data
are used for the electronic recoil band characterization in log10(S2b/S1) versus energy space.
The 60Co and 232Th sources are placed at a few designated positions around the detector.
Even though gamma lines of more than 1 MeV are produced from theses sources, these full
energy peaks are not of interest for the dark matter search. Most of the time, the DAQ
is set in such a way that the high energy depositions are automatically rejected and not
recorded.
The electronic recoil band from 60Co and 232Th data combined, in discrimination pa-
rameter log10(S2b/S1) vs. energy parameter S1, is shown in Figure 6.5. The cS1 and cS2
indicate that the position corrected S1 and S2 signals, respectively. The log10(S2b/S1) is a
good discrimination parameter since most of electronic recoil events lie above the nuclear
recoil events.
In addition, 60Co and 232Th data provide a good sample of anomalous leakage events
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in the dark matter search region. It is verified that the distribution of anomalous events
modeled by these electronic recoil calibration data is very close to that in the background
data.
Figure 6.5: Electronic recoil band from 60Co and 232Th calibration data. The mean (solid
purple) and ±1σ lines (dashed purple) are drawn.
Measurements with a 241AmBe (α, n)-source provide data which are essential for the
detector response to single-scatter nuclear recoils, the expected signature of a dark matter
particle. The source is placed at one position in the calibration pipe where a lead brick
has been placed to shield the associated gamma radiation. The allowed exposure time of
the source is limited because of the high probability for neutrons to activate surrounding
materials and due to limitations from the laboratory, since neutron sources can affect the
performance of other experiments. Figure 6.6 shows the nuclear recoil band from 241AmBe
data in log10(S2b/S1) vs. S1 space. A cut for removing inelastic scattering at higher
log10(S2b/S1) values is applied. These removed events are well above the dark matter
search region and do not affect the signal expectation. The higher rate at lower energies is
expected from the elastic scatterings of neutrons with Xe nuclei.
The nuclear recoil calibration is critical in defining the signal region for WIMP-induced
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Figure 6.6: Nuclear recoil band from 241AmBe data. The high log10(S2b/S1) region is
affected by the cut for removing inelastic neutron scattering.
nuclear recoil events, assuming that these will be indistinguishable from neutron-induced
nuclear recoils for a given nuclear recoil energy. For this reason, this calibration can also
be used to estimate the acceptance of cuts for WIMP-induced nuclear recoils.
6.3 Cuts
A series of cuts are applied during the data analysis to ensure the quality of each event.
Since the interactions that we are interested in should look like WIMPs, the events in the
detector that either are not physical or do not correspond to the expected topology need to
be rejected. The xerawdp provides peak candidates, and only after the selection from the
analysis, an event is proven valid. The cuts are grouped in different categories, namely the
basic quality cuts to select physical events with low energy, single scatter cuts to select only
the single scattering events, consistency cuts to remove events that are not consistent with
single scatter interactions within the target, and the fiducial volume and discrimination cuts
to reject efficiently the background events. The computation of the cut acceptance is also
CHAPTER 6. SELECTED ANALYSIS OF THE XENON100 DATA AND DARK
MATTER RESULTS FROM 224.6 LIFETIME DAYS 116
described.
6.3.1 Basic quality cuts
These cuts are aimed at selecting only signals that correspond to physical low energy inter-
actions. The cuts used in the category of basic quality cuts include a signal to noise cut,
a S1 coincidence cut, a S2 lower threshold cut, and other cuts designed to remove events
which are not true low energy interactions.
The first cut requires a minimum S2 signal in the events. It is implemented as 150 PE
for S2s, for the significantly improved noise conditions in run10. This value is chosen such
that the hardware trigger acceptance is bigger than 99% and no hardware correction has to
be included.
A cut in the number of PMTs seeing some signal in the S1 is applied. The S1 coincidence
cut requires a two-fold coincidence of PMT signals larger than 0.35 PE within 20 ns window
in xerawdp, centered on the highest digitizer sample of the S1 signal. This cut targets the
events whose S1 peak really comes from a PMT dark current or any other sources which
are not expected to produce scintillation photons in coincidence, within the timescale of the
slow component of the LXe scintillation decay time.
Another cut removes events in which the events do not correspond to low energy interac-
tions, but in which the reconstruction program may have provided the wrong variables due
to physical interactions. To remove spurious events due to high energy interactions in the
target volume, or micro-discharges on the cathode that produce large amount of light, the
area of the largest S1 and S2 peaks should be at least half of the area of the full waveform
(signal to noise cut).
When looking at the data we observe that there are several regions in the XY plane
where there is a large concentration of events. We refer to these regions as hot spots, and
the origin of these events cannot be due to physical interactions. In some cases, S2-like
pulses are seen in only one or two PMTs, which are clearly non-physical interactions. For
run10 data, S2 from the top PMT array is required to be bigger than zero, simply removing
non-physical events that randomly produce S2 signals. Figure 6.7 shows a X-Y map of the
data sets initially used to define classes of hot spot events. After the requirement of S2top >
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0, the remaining hot spot events were time-transient, appearing only in short time period,
which made it possible to remove these extra events with time cuts.
Figure 6.7: The XY map for classifying hot spot events. Some are removed by a simple cut
such as S2top > 0 and some time-transient events are removed by a set of time cuts.
6.3.2 Single scatter cuts
Because of the very low WIMP-nucleon cross section, dark matter events are expected to
interact only once within the target volume. Thus, cuts are implemented to reject multiple
scatter events, such as from the gamma backgrounds. A single scatter will ideally produce
only one S1 and one S2 peak. However, there are a number of cases where more than one
S1 or S2 peaks can appear in a waveform. S2 pulses of a few PE after the main S2 signal or
small ionization signals from single electrons can be mistaken as an S2 signal from a second
scatter. Since the size of these delayed signals depends on the size of the main S2, any
other S2 peaks present in the waveform is required to be smaller than a certain threshold
determined by the calibration data.
Due to the prompt nature of the S1, even a double scatter will have only one S1 peak
in the trace. The case of multiple S1 signals in a waveform comes from an unlikely pile up,
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PMT dark current, electronic noise correlated decays with a small lifetime (e.g. 85Kr), or
misidentified uncorrelated S2 ionization signals from single electrons. Events with a second
S1 peak within the drift time requirement are, therefore, removed except when the S2/S1
ratio is uncharacteristically high. This cut keeps a high acceptance at low energy even in
case of spurious electronic noise and large PMT dark counts that artificially increase the
noise level.
For the same reason that a double scatter event in the target volume does not fulfill the
requirement of a dark matter event, the veto coincidence cut is implemented to reject events
with one or more S1 signal in the veto volume in coincidence with the S1 signal inside the
target volume.
6.3.3 Consistency cuts
These cuts are meant to remove events that are not consistent with single scatter interactions
within the target, based on the S2 width or S1 and S2 light patterns. A S2 width cut, a S1
pattern cut, and a position reconstruction cut fall into this category of cuts.
The S2 width cut targets the events for which the width of a S2 signal is inconsistent
with the expected distribution of an electron cloud from the proportional scintillation signal
created at the z position and drifted to the liquid surface. The S2 width of a single electron
is on the order of 0.4 µs, which corresponds to the time it takes for an electron to travel the
2.5 mm proportional amplification region with a drift velocity 6.86 mm/µs at 12 kV cm−1
and 2.25 atm. Both S1 and S2 are also produced when a particle scatters in the gas phase
above the anode. The S2 is produced when a charge reaches the anode and the field is
high enough to result in proportional scintillation. Typically, these events are spread over
a longer time than the S2s that occur by charges extracted from the liquid. Because of the
diffusion of the electron cloud as an electron drifts to the liquid surface, the width of the
total S2 signal is expected to increase as the drift length gets bigger.
The S1 PMT pattern cut is used to discriminate the events that are mistakenly included
as single scatters from true single interactions. Multiple scatters from electromagnetic
interactions, where one interaction happens inside the TPC and one or more in a charge
insensitive region, without an S2, can produce anomalous electronic recoil leakage events.
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Since these events, referred to as “gamma-X”, have a lower S2/S1 ratio than that of true
single scatters, the events can leak into the WIMP search region. However, since the
detected S1 is actually composed of two different interactions, the pattern of light detected
by the PMTs will be different from that of real single interactions. The 137Cs calibration
data taken at a low anode voltage is used to obtain the expected map of S1 signal distribution
as a function of position. The map is a simple probability distribution of a photon emitted
at a position (x, y, z) to be detected by PMT i. Events for which the comparison of the
S1 pattern with the one expected from an interaction in the reconstructed position give an
anomalous value of the χ2 are removed from the data.
Multiple scatter interactions in which the z-positions of the interactions are too close
(typically below 3 mm) will be resolved as a single S2 by xerawdp, and hence identified
as a single interaction. However, we can profit from the observed S2 pattern to remove
this kind of events. A first cut compares the obtained distribution with the one expected
from an interaction in the reconstructed position and removes events where the χ2 value
is too large. The second cut uses the different existing algorithms and the fact that, since
they are based on different techniques, they will produce different results for an anomalous
topologies. Events in which the difference of the positions inferred by the reconstruction
algorithms is above a certain value are removed.
6.3.4 Cut Acceptance
For each cut, the acceptance needs to be defined as the percentage of WIMP events, as a
function of energy, left after applying a particular cut. Since the real WIMP data is not
available to test this, a sample from the calibration is used as a WIMP-like data. For most
cases, the neutron calibration data with a 241AmBe source are used as their distribution is
expected to be very close to that of WIMPs. Still, some differences between WIMP events
and the ones from the 241AmBe source make the use of other data necessary in some cuts.
In 241AmBe data, the number of multiple scatters is quite large whereas for WIMPs the
probability of a multiple scatter is essentially 0. Moreover, 241AmBe data are taken for a
period of 3 days whereas WIMP data are taken for ∼1 year with varying noise conditions.
For this reason, the electronic recoil calibration data are used for the S2 single cut and the
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signal-to-noise cut.
In principle, there are two approaches to compute the cut acceptance. One is to define
a very basic set of cuts and apply all the other cuts to estimate the acceptance from the
fraction of removed events. In this case, we rely on a few basic cuts to give a clean sample,
which is not always true in the current noise conditions of the detector. Another approach
is to define the sample by applying all the cuts except the one we want to compute the
acceptance and estimate the acceptance from the ratio between the number of events with
and without the cut. In this case, the assumption is that every event removed by two or
more cuts is a bad event. The second approach has been used except when any two cuts
are correlated.
Figure 6.8: The cumulative cut acceptance (solid blue) and the S1 threshold cut S2 > 150
PE (dashed red), conservatively set to zero below 1 PE. A hard discrimination cut, whose
acceptance to nuclear recoils (dotted green), is used for the maximum gap method. The
lower threshold of 3 PE (6.6 keV) and the upper threshold of 30 PE (for the profile likelihood
analysis) or of 20 PE (for the benchmark region) are also shown (dashed and dotted black
lines). Figure taken from Aprile et al (2012).
The overall cut acceptance is computed as the product of all individually computed
acceptance. The cumulative acceptance of all data quality cuts is shown in Figure 6.8
together with the acceptance of the nuclear recoils due to the electronic recoil discrimination
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cut based on the S2/S1 ratio.
One thing to notice is that since the S2 signal fluctuates independently from the S1
after the initial energy deposition, the acceptance of the S2 threshold cut S2 > 150 PE is
given vs. the S1 signal before Poisson-smearing. The acceptance of all other cuts is given
vs. the S1 signal, which is subject to Poisson fluctuations because of the low number of
quanta involved.
6.3.5 Fiducial volume and discrimination cuts
The fiducial volume (FV) chosen for the last dark matter search is a super-ellipsoidal volume
containing 34 kg of Xe. This FV cut is chosen by maximizing the sensitivity based on
all known backgrounds. In other words, the optimal fiducial volume can be constructed
by looking at the expected position distribution of each source of background, statistical
leakage from electronic recoils, anomalous leakage from electronic recoils or any other source,
neutron-induced nuclear recoils, etc. All these contributions are added up to find three
dimensional contours of equal background rate. Since the 85Kr background is uniformly
distributed in LXe, the fiducial volume was selected based on the expected statistical leakage
from electronic recoils. The formula that describes an ellipse
| − Z − 152.0
126.8
|2.7 + (X
2 + Y 2
17500.0
)2.7 < 1 (6.5)
is used as a contour of a volume with equal background rate. The volume is chosen to be as
large as possible but at the same time, limited to the regions where the detector response
is well understood. The edge regions due to non-uniformities of electric field are removed.
The external background is stopped at the outer edge of the sensitive volume so taking out
the outer volume will help reducing the background. However, a bigger fiducial volume will
result in increasing the total exposure. Selecting the size of a fiducial volume is a process
of optimization taking these two factors into consideration.
Another cut that rejects background events is based on the S2/S1 parameter space,
which discriminates nuclear recoils from electron recoils. Only the S2 signal in the bottom
PMTs is used to avoid the impact of the signal saturation in the top PMT array. The
log10(S2b/S1) value is larger for electronic recoils than for nuclear recoils, as explained in
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Section 2.2.1. With the separation of these two bands, the events below a certain line will
consist mainly of nuclear recoils. A small portion of leakage events are taken into account
when estimating the backgrounds.
The electronic recoil rejection level is defined using 60Co and 232Th calibration data
whose S2/S1 distribution is described by a Gaussian with a tail appearing about 3σ away
from the mean. Based on the 99.75% rejection line, for example, the neutron acceptance
ranges from ∼10% to 56%, depending on energy. To allow for an easier manipulation of the
data and in order to be able to group data from different energies, a flattening procedure
is applied to the electronic recoil data. The mean of the distribution shown in Figure 6.5
is subtracted from all the events, producing a new flattened variable. The electronic recoil
band in log10(S2b/S1) vs. S1 space, flattened by subtracting the mean that allows a removal
of the energy dependence of the band, and the neutron acceptance from different rejection
levels are shown in Figure 6.9.
6.4 Limit Computation and Background Prediction
6.4.1 Profile likelihood estimation
It is important to decide how to treat the expected background for calculating limits in the
ROI as well as for understanding the uncertainty of the prediction. Traditionally, meth-
ods based on counting the number of events in a predefined signal region have been used
to compute such limits. When the background rate is known beforehand with reasonable
accuracy, the Feldman-Cousins method is used [Feldman and Cousins, 1998] to calculate
the 90% confidence upper limit for the cross section. This method leads to a better limit
if this background subtraction is used, but only if the background prediction is accurate.
If there is a possibility of an unexpected background, Yellin’s approach of maximum gap
method [Yellin, 2002] is usually chosen. This last method needs the expected signal dis-
tribution in the energy region of the search to compute the limit at a certain confidence
level.
The XENON collaboration introduced in the dark matter field a new method to produce
a limit based on the profile likelihood [Aprile, 2011b]. The profile likelihood ratio test allows
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Figure 6.9: The log10(S2b/S1) subtracting the mean of the band (top) and the acceptance
of the nuclear recoils is shown (bottom). For 99.75% electronic recoil rejection line, the
neutron acceptance ranges from ∼10% to 56%.
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for the use of the whole discrimination parameter space and does not need the definition
of a signal region beforehand. It also takes into consideration how to treat the systematic
uncertainties along the line. The new approach based on the profile likelihood has been
used to produce all the limits from the XENON100 dark matter analysis and has been the
primary method since run08. The signal region (or the benchmark region) as described
in Section 6.4.2 is still used to go through the maximum gap analysis to compare the
expected background with the observed number of events. The profile likelihood analysis
uses an upper energy threshold of 30 PE (43.3 keVnr) and the benchmark region uses 20
PE (30.5 keVnr).
The profile likelihood method does not use a signal region, and rather than giving an
estimation for the number of events in some region, the background distribution must be
parametrized as a function of S1 and the flattened variable. Three different contributions are
considered for this parametrization. On one hand, the neutron background is distributed
accordingly to the expected energy spectrum from Monte Carlo simulations for S1 and
according to the AmBe distribution in the flattened variable space. The electronic recoil
contribution is divided in a gaussian part and an anomalous part. The gaussian part is
distributed following the measured spectrum in S1 and as a gaussian with the σ measured
from the data in the flattened variable space. Finally, the anomalous electronic recoil
contribution is parametrized, according to the calibration data, as uniformly distributed in
the flatted variable and as a decaying exponential as a function of S1. All three contributions
are properly scaled in agreement with the measurements and Monte Carlo simulations.
6.4.2 Yellin estimation
In order to provide a more tangible result and as a cross check for the profile likelihood
result, a second method based on the Yellin procedure in a predefined signal region is used
by the collaboration. To identify an event as a WIMP interaction, it is necessary to know
its energy deposition as well as to identify it as a nuclear recoil instead of an electronic recoil
background. XENON100 uses scintillation light S1 to determine the energy deposition and
log10(S2b/S1) as the discrimination parameter. A WIMP search window, known as the
region of interest (ROI), is defined in the log10(S2b/S1) vs. S1 parameter space. Based on
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calibration data, the left and right boundaries of 3 PE and 20 PE in run10 are selected to
define the energy window in S1 for the WIMP search. The left bound is chosen based on
how well the software differentiate S1 pulses from spurious events in raw data such that the
acceptance is large. The right bound is based on the fact that the expected WIMP recoil
spectrum drops as energy increases. Extending the energy window to higher energies will
result in including more background and will not benefit the WIMP search. This energy
region between 3 PE and 20 PE corresponds to the nuclear recoil equivalent energy of 6.6
- 30.5 keVnr, using the Leff parametrization from reference [Plante et al., 2011].
A software threshold for S2 signals is set at 150 PE, chosen to stay in the range where the
trigger threshold is > 99%. This is much lower than in the previous run due to a new trigger
configuration based on a majority design, where the number of signals in individual PMTs
is counted, rather than setting a threshold in the summed signal. In the log10(S2b/S1)
space the signal region is defined above this threshold combined with a 97% quantile of
the nuclear recoil band. An additional hard cut on log10(S2b/S1) discrimination below the
99.75% rejection line for electronic recoils, which is 2.807σ assuming a Gaussian shape for
the electronic recoil band, is employed from above. From the electronic recoil calibration,
only 0.25% of electronic recoil events are expected to be at this signal region, with a smaller
contribution from events that do not follow the main Gaussian distribution. These events
cannot be distinguished from nuclear recoil events. The 97% of the nuclear recoil band
is implemented to remove events with very small S2s, which are not likely to be nuclear
recoils.
The other boundaries are defined by the energy range 3 - 20 PE in S1. Figure 6.11 shows
the band and the signal region on the discrimination space with the mean of the electronic
recoil band subtracted.
The background in the ROI has mainly two sources, namely the neutron-induced nuclear
recoil background and the electronic recoil background that leaks from the electronic recoil
band into the ROI. The events from the electronic recoil background are usually differen-
tiated between the statistical or the anomalous “leakage” events. The statistical leakage is
dominated by the 85Kr and 222Rn background and is estimated from the non-blinded part of
the electronic recoil band. They originate from the intrinsic radioactivity in the LXe target
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and are critical since they cannot be reduced by fiducialization. Therefore, a major effort
for reducing 85Kr through a distillation column was made for run10. The term anomalous
leakage refers to contributions that are not consistent with the gaussian behavior in the
bulk of the electronic recoil band. One possible topology for these are events that have
additional scatters in charge insensitive regions of the target volume. This class of events,
so called “gamma-x” type events and initially identified in the XENON10 detector [Angle,
2008], has an S2/S1 ratio artificially reduced because of the missing charge signal of the ad-
ditional interactions. As mentioned in Section 6.2, the 60Co and 232Th calibration data are
used for estimating the electronic recoil background. They are > 35 times larger statistics
from calibration data in the signal region than from dark matter data, and the expectation
from calibration can be scaled to the dark matter exposure by normalizing to the number
of events seen above the blinding cut in the ROI. The electronic recoil background estimate
including statistical and anomalous leakage events is (0.79 ± 0.16) in the benchmark region.
The neutron-induced nuclear recoils consist of three sources: (α, n) reaction and spon-
taneous fission from the detector and shield materials and muon-induced neutrons. The
neutron energy spectrum and neutron yield from (α, n) and spontaneous fissions in the
detector and shield materials are calculated from the previously known radioactive con-
taminations [Aprile et al., 2011b]. Then the XENON100 simulation uses these results as
input to determine the number of neutron-induced nuclear recoils in the fiducial volume
as well as the energy they deposit. The muon-induced neutron background dominates the
nuclear recoil background by 70% of the expected rate. This number is also estimated from
a simulation where muons are propagated according to the measured muon flux. The total
estimated number of single scatter nuclear recoils is (0.17+0.12−0.07) events for the given exposure
and nuclear recoil acceptance in the benchmark region.
The total predicted number of background events in the benchmark region for 224.6
days of exposure and 34 kg fiducial volume is then (1.0 ± 0.2) events.
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6.5 Results
The unblinding of run10 dark matter data took place in July 2012 with the analysis tools
ready to have the final result almost immediately. A total of 2 events, with energies of
7.1 keV (3.3 PE) and 7.8 keV (3.8 PE), were observed in the predefined benchmark region.
They both fall into the lowest PE bin used for this analysis.
Figure 6.10: Spatial distribution of all events in the TPC (small dots) using 6.6 - 43.3 keVnr
energy window and passing all cuts except the fiducial volume cut for 224.6 live days. The
34 kg fiducial volume is shown with the red dashed line. Gray dots are the events above the
99.75% electronic recoil rejection line, and the black circles are below. Figure taken from
Aprile et al (2012).
Figure 6.10 shows the spatial distribution of all events within 6.6 - 30.5 keVnr passing
all cuts except the fiducial volume cut. The events above (gray dots) the 99.75% electronic
recoil level and the ones below (black circles) are drawn to be distinguishable. Most of the
black circles are concentrated toward the outer volume of the TPC due to the non-uniformity
of the electric field in the outermost regions of the detector which leads to charge losses.
The two candidate events shown inside the 34 kg fiducial volume (red dashed line) should
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not be affected by a small change in fiducial volume since they are not very close from the
edge.
Figure 6.11: Event distribution in the discrimination parameter space of the flattened
log10(S2b/S1), subtracting the mean of the distribution (black). All analysis cuts and a
34 kg fiducial volume cuts are used. The impact of the S2 >150 PE (indicated by the
dashed-dotted blue line) is negligible. The signal region is also restricted by a lower border
along 97% NR quantile. Refer to the text for the details of the definition of the the bench-
mark region. The histogram in red indicates the NR band from the neutron calibration.
The two events that fall into the benchmark region can be seen near the bottom left corner.
Figure taken from Aprile et al (2012).
The distribution of the observed events in log10(S2b/S1) discrimination parameter as
a function of energy, flattened by subtracting the mean of the distribution of electronic
recoil band and including the two candidate events, is shown in Figure 6.11 for 224.6 live
days of exposure and of 34 kg fiducial volume. The boundaries of the benchmark region
as described in Section 6.4.2 are shown in blue and green dashed lines, and the negligible
impact of the S2 > 150 PE threshold cut is also shown at the bottom left (dashed-dotted
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blue line).
The nice and clean waveforms of the two candidate events leaking into the benchmark
region are shown consecutively in Figure 6.12 and Figure 6.13. Both events are very close
to the S1 = 3 PE threshold and their S2/S1 value is at the lower edge of the nuclear recoil
band.
Figure 6.12: Waveform of a candidate event after unblinding, and the zoomed view of the
S1 (left) and S2 (right) signals indicated by blue and red triangles. No signal is registered
in the veto (not shown in Figure).
As described earlier in Section 6.4.1, it was decided a priori to use the profile likelihood
statistical inference ([Aprile, 2011b]) for the final result. Both the signal and the back-
ground only hypothesis are tested, and an analysis based on the maximum gap method
with a predefined benchmark region is used as a cross check. A p-value of ≥ 5% from the
profile likelihood analysis for all WIMP masses for the background only hypothesis suggests
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Figure 6.13: Waveform of a candidate event after unblinding, and the zoomed view of the
S1 (left) and S2 (right) signals indicated by blue and red triangles. No signal is registered
in the veto (not shown in Figure).
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that there is no excess due to a dark matter signal. Also, the Poisson probability that
the expected background fluctuates to 2 events in the benchmark region is 26.4%, which
supports the same conclusion.
The final limit is shown in Figure 6.14 along the ones from other experiments ([Armen-
gaud, 2012; Akimov et al., 2012; Behnke et al., 2012; Felizardo et al., 2012; Angle et al.,
2011]). A 90% confidence level exclusion limit for spin-independent WIMP-nucleon cross
section σχ is calculated, assuming an isothermal WIMP halo with a local density of ρχ =
0.3 GeV/c3, a local circular velocity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [Smith et al., 2007].
The resulting limit is the most stringent existing limit for mχ > 8 GeV/c
2 with a min-
imum of 2.0 × 10−45 cm2 at a WIMP mass of 55 GeV/c2. As discussed in Section 6.4.1,
the systematic uncertainties in the energy scale are already represented in the limit associ-
ating the energy dependence of Leff , the background expectation, and the galactic escape
velocity. The S1 energy resolution is dominated by the Poisson fluctuations in the number
of PEs and taken into account with the single PE resolution.
In absence of any signal, the expected sensitivity of this data is shown in green/yellow
(1σ/2σ) band, and the new limit is drawn with the solid blue line. The new result excludes
a large fraction of previously unexplored parameter space, including regions preferred by
the constrained supersymmetric parameter space [Strege et al., 2012; Fowlie et al., 2012;
Buchmueller et al., 2011], and improves about a factor of 3 over the previous XENON100
dark matter result. It is still the case that describing the CoGeNT ([Aalseth, 2011]) and
DAMA ([Savage et al., 2009]) signals as being from light mass “vanilla” WIMPs does not
agree with this result.
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Figure 6.14: Final result on spin-independent WIMP-nucleon elastic scattering cross section
from 224.6 live days of XENON100. The expected sensitivity of this run is shown by the
green/yellow band (1σ/2σ) and the resulting exclusion limit (90% CL) corresponds to the
blue line. The results from other experiments are also shown for comparison, XENON10
(2011) (Angle et al ., 2011), EDELWEISS (Armengaud et al ., 2011), CDMS (Ahmed et al .,
2011), and the expectations from theoretical models, and the 90% confidence areas favored
by the DAMA (Savage et al ., 2009) and CoGeNT (Aalseth et al ., 2011). Figure taken from
Aprile et al (2012).
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Chapter 7
Conclusions
The discussions in this thesis are mainly in the context of XENON100 and its light re-
sponse. Since there are some optical parameters, which are critical both in understanding
the physics of the detector and as inputs to the Monte Carlo simulations, two setups and
the measurement results are also presented. The first one (Chapter 4) is for the quan-
tum efficiency (QE) measurement of the Hamamatsu R8520 high QE PMTs. The second
one (Chapter 5) is for the reflectivity measurement of the teflon (Polytetrafluoroethylene,
PTFE) samples that are used in the XENON100 TPC. Both of these measurements will also
be helpful for the next generation detector of XENON program, XENON1T, as well as for
other liquid xenon (LXe) experiments. The setup can be used for many other measurements
such as the reflectivity of other materials, both at low and room temperatures, at different
wavelengths, and using different photodetectors, possibly bigger PMTs. The chamber can
also be equipped to fill LXe and cool down so that the reflectivity of LXe/PTFE interface
can be better studied.
The most recent result of XENON100 sets the most stringent limit on WIMP-nucleon
cross section up to date. Excluding WIMP regions previously claimed by other experi-
ments, XENON100 results largely supersede the sensitivity achieved by other competing
experiments such as CDMS. In addition, the XENON100 detector achieved ultra-low elec-
tromagnetic background with a good self-shielding. The detector has also stayed in a stable
condition and maintained the cryogenic system for a long time that has been achieved by
no other experiments.
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We are at an exciting period of moving from XENON100 to XENON1T with a big-
ger scale in almost every component of the experiment. The experience we gained from
XENON100 is informing many of the design and technical choices for the next generation
experiment. However, surely new challenges and unexpected technical difficulties will have
to be overcome to achieve the demanding goal of improving the sensitivity of XENON100.
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